REACTION KINETICS IN THE SYSTEM 
Zr (Hf) CI4— NaCl 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 


By 

SIBNATH MAJUMDAR 



to the 

DEPARTMENT OF METALLURGICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

DECEMBER, 1974 



CERTIFICATE 


Certified that this work on 'Reaction 
Kinetics In The System Zr(Hf 3Cl^-lTaCl * has been 
carried out under oiar supervision and that it has 
not been submitted elsewhere for a degree . 



Assistant Professor Asscciate Professor _ ; 

Department of Metallurgical Department of Metalltirgical 
Engineering Engineering 

Indian Institute of Technology Indian Institute- of Technolog 
■ Kanpur 208016 — Kanpur 208016 ' 


f 

I 

J 


Doctor , ,r Pi^; ' 

in accordance u’itli .-he 
rcguiati'oos of die Indian 
institute of Teci..,do 


I 

s 


Ill- 


Acknowledgements 

I take tkis opportunity to express my gratitude 
to Dr. H.S. Ray and Dr. P.C. Kapur for their valuable 
guidance and constant encouragement at all stages of this 
work. 

I am particularly indebted to my friend 
Mr. Chandan Roy for his selfless help and cooperation. 

His assistance has been a source of inspiration at all 
crucial stages of this work. The valuable assistance 
provided by the various members of the glass blowing shop 
is also never to be forgotten. A special mention of 
Mr. R.K. Rajoria must be made without whose help the whole 
effort would have been defeating. 

I am thankful to Drs. A. Ghosh, T.A. Ramnarayanan 
and D, Chakraborty for the useful discussions I had with 
them. I am indeed grateful to Dr. A. Ghosh and Mr. 

Y.N. Sharma for providing me with various materials and 
instrumental facilities. 

I am grateful to my friends Drs. S.P, Mehrotra, 

K.P. Jagannathan, Messerp A, Ali, A, Sengupta, H.S. Haiti, 
K.L. Luthra and many others for their help in various wra.ys . 
Finally, I wish to express my thanks to Mr. R.lff. Srivastava 
for his flawless typing. 

(S . Majumdar ) 



TABLE OP CONTENTS 


iv 

LIST OP TABLES vii 

LIST OP PIGORES viii 

LIST OP SYMBOLS xi 

SIIOPSIS xiv 

CHAPTER 1 INTRODUCTION 1 ■ 

1.1 General introduction 1 

1.2 Chlorohaf nates and zirconates of 

alkali metals 5 

1.3 Methods for the separation of 

hafnium from zir-^rnium 9 

1.4 Kinetics of formation of chi or ohaf nates 

and chloro zirconates 15 

1.5 Plan of the work 17 

CHAPTER 2 HETEROGENEOUS SOLID-GAS REACTIONS 19 

2.1 Introduction 19 

2.2 Reaction models 20 

2.3 Solid state transport controlled 

reactions 28 

2.3*1 General consideration on 
solid state transport 
controlled reactions 29 

2.3*2 Role of reaction parameters 

on reaction mechanism (lattice 
diffusion) 31 

2.3*5 Marker studies 34 

2.4 Phase houndary reactions 37 



V 

CHAPTM 3 •^SXPBEIJyJBNTiil 40 

3*1 Introduction 40 

3.2 General principle 40 

3.3 Materia.1 preparation 42 

3 . 3.1 Preparation of sodium 

chloride samples 42 

3 . 3.2 Production and purification 

of the tetrachlorides 44 

3.4 Kinetic measurement: apparatus and 

procedure 47 

3.5 Measurement of tetrachloride pejctial 

pressure 31 

3 . 5.1 Total pressure measuc* ement 52 

3 . 5.2 Sample collecting apparatus 
for the measurement of gas 

phase composition 54 

3.6 Measurement of densities of reactants 

and products 57 

CHi'iPTSE 4 EXPSRIMENT/JL RESULTS AND DISCUSSION - I 

REACTIONS INVOLVING INDIVIDUAL GASES 58 

4.1 Introduction 58 

4.2 Swelling parameter, reactant and 

product density 58 

4.3 Res\ilts of the kinetic measurements 59 

4.4 Marker restilts 67 

4 .5 Kinetic models 70 

4.6 Effect of reaction parameters on 

kinetics of reaction 84 

4.6.1 Effect of sphere size 84 

4.6.2 Effect of temperature 84 

4 . 6.3 Effect of pressure 89 



Tl 


4.7 Diffusion mechanism 

4.8 Se act ion mechanism 

OHilPTSR 5 BTBmimmiJj RSSUDTS DRD DISCUSS lOI - II 
RDACTIOU INVOLVING TBIRi'.CHLORIDB GAS 
MIXTURES 

5.1 Introduction 

5.2 Partial pressure of gases in 
tetrachloride mixtirre 

5.5 Swelling parameter, reactant and 
product density 

5.4 Results of the kinetic experiments 

5.5 Outline of the approach to the 
kinetic analysis 

5.6 Reaction model; formulation and 
analysis. 

5.7 Surface reaction 
CHAPTER 6 CONCLUSIONS 

LIST OP RSPBRBNCES 
APPENDIX I BASIC KINETIC DATA 

A. Formation of Na^ZrClg 

B. Formation of Na^HfClg 

C. Reaction with gas mixture 

ilPPENDIX II DATA AND CALCULATION; CHANGE IN 
PORE VOLU-ME 


99 

108 

108 

108 

109 

109 

113 

115 

127 

130 

135 

141 

141 

146 

151 


154 



LIST OF TiiBLSS 

TLBLS P^-GS 

I Important featnres of the systems MCl-XGl^ 4 

II Thermodynamic data for the formation of 

various hexachlorozirconates a.nd haf nates 10 

III Swelling parameters and density values 

(formation of Na^HfClg and Ha^ZrCl^) 59 

IV Carter-Yalensi rate constants for the formation 

of Na^^rClg 82 

V Carter-Valensi rate constants for the formation 

of Na^HfClg 83 

VI Partial pressure of the tetrachloride gas 

mixture 110 

VII Swelling parameter and product layer density 

(reaction with gas mixture) 110 

VIII Carter-Valensi rate constants for the 

formation of Kfa-ZrCl^-hahifGlr solid solution 126 

2 6 2 6 

IX Product layer composition (calculated and 

measured) under various reaction conditions 128 



VlXi 


LIST OP PIGLRBS 


FIGURE 

1. Phase diagram of the system llaCl-ZrCl^ 

2. Phase diagram of the system PaCl-HfCl^ 

3. Schematic representation of different solid- 

gas reactions 

4. Glassification of various types of solid-gas 
reactions 

5. Sectional diagrams of moiilds for the production 

of sodium chloride specimens (a. Sphere, 

b. Marker) 

6. Apparatus for the production of tetrachloride 
from’ oxide pellets ' 

7. Apparatus for kinetic experiments 

8. Apparatus for the mea,surement of total gas 

pressure 

9« Apparatus for collecting samples of totra- 

chloride gas mixt;ire for determining the gas 
composition 

10. Effect of Sphere size on the rate of formation 
of sodium hexachloro zirconate 

11. Effect of sphere size on the rate of formation 
of sodium hexachloro hafnate 

12. Effect of pressure on the rate of forma.tion 
of sodium hexachloro zirconote 

13. Effect of pressure on the rate of formation 
of sodium hexachloro hafmte 

14. Effect of tempera,ture on the rate of formation 
of sodium hexachloro zirconate 

15. Effect of temperature on the rate of formation 
of sodium hexachloro hafnate 


PAGE 

8 

8 

21 

24 

43 

46 

48 

53 

55 

60. 

61 

63 

64 

65 


66 



ix 


FIGUEE PiiGS 

16. Macro-photograph of partially reacted marker 

specimen (reaction with zirconiimi tetrachloride 
Tap o nr ) 68 

17. Macro-photograph of partially reacted marker 

specimen (reaction with hafnium tetrachloride 
Tapoixr) 69 

18. Plots of experimental data according to 

various rate eqmtions (forma,tion of Na^ZrClg)^- 71 

19. Plots of experimental data according to 

various rate equations (forma.tion of Na^HfClg) 72 

20. Carter-Valensi plot showing the effect of 

sphere size on the rate of formation of 
la^ZrClg 75 

21. Garter-Valensi plot showing the effect of 

sphere size on the rate of formation of 
Fa^HfGlg 76 

22. Gar ter -Vale- ns i plot showing the effect of 

pressure on the fomation of K'a 2 ZrGlg 77 

25# Garter-Valensi plot showing the effect of 

pressure on the formation of ITa 2 HfGlg 78 

24. Garter-Valensi plot showing the effect of 

temperature on the formation of 79 

25. Garter-Valensi plot showing the effect of 
temperature on the rate of formation of 

Na^Hf Gig 80 

26. Effect of sphere size on the rate constant K 

(formation of Na^ZrGlg) 85 

27. Effect of sphere size on rate constant K 

(formation of Na^Hf Gig) 86 

28. Effect of temperature on rate constant E 

(formation of Ha 2 ZrGlg) 87 

29. Effect of temperature on rate constant K 

(formation of Ia 2 HfGlg) 88 


Effect of pressure on rate constant 
(formation of Na 2 ZrClg) 


30. 


91 



X 


FIGDiil 


PAGE 

31. 

Effect of pressure on rate constant K 
(formation of Na 2 HfClg) 

92 

32, 

Schema. tic representation of outward diffusion 
control case (Vacancy and interstitial 
me ciianism ) 

97 

33. 

Effect of temperature on the rate of formation 
of Ea 2 ZrCl 5 -H'a 2 HfClg solid solutions (reaction 
with gas nixt'ure ) 

111 

34. 

Effect of pressure on the formation of 
I!Ta 2 ZrGl 5 -Ea 2 HfCl 6 solid solutions (reaction 
with gas mixture) 

112 

35. 

Garter-Valensi plot showing the effect of 
temperature on the rate of formation of 
ITa 2 ZrClg-Iva 2 Hf Gig solid solutions 

124- 

36. 

Garter-Valensi plot showing the effect of 
pressure on the rate of formation of. 
I'Ta 2 ZrGl^-E'a 2 HfGlg solid solutions 

125 



XX 


d 


D 

D 

c 

E. 


F 

f 


Ipp 





E 

o 



LIST OP SYMBOLE 

Concentration of species j at interface k, mole/cm^ 
Concentration of species j at interface k, nmber/cm^ 
Diffusivity, cm /hr 

Pre-exponential factor for diffusivity 
Activation energy, kcal/mole 
Apparent activation energy, kcal/mole 
Fraction of solid (reactant) reacted 
Stoichiometric factor (=2) 

Enthalpy change , kcal/mole 
Flux, number /hr 

Mass transfer coefficient in 'gas phase , cm/hr 
Specific rate constant for surface reaction, cm/hr 

Specific rate constant (different cases, oases are 

.^1 ■ ■ 

defined by subscripts), hr 
Constant (defined in Bq. [4.24]) 

Equilibrium constant (different cases, cases are 
defined by subscripts) 

Proportionality constant (Bq. [4.22] and [4.23]) 

Mole ciLLar weight 



Avagadro rfumber 


Total pressure, mm Hg 

Partial pressure of jth species, mm Hg 
Radius of the unreacted core, cm 
Radius of outer solid-gas interface , cm 
Initial radius of solid reactant, cm 
Radius at any cross-section, cm 
Entropy change , kcal/molo °E 
Temperatirre , 

Time , hr 
Volume, 

Chlorine vacancy 
Sodium vacancy 
Weight gain, gm 

Weight gain when entire solid has reacted, gm 
Swelling parameter (defined in Eq» [2.6]) 
Enaction of reacted sodium chloride which reacts 
with hafnim tetrachloride (See Eq, [5.1]) 

Volume of vacancy pair (V^^'and Vj^^), em^ 
Density , gm/crn'^ 

Molar density of solid reactant, mole/cm''^ 
Temper 0 .tiare °C 



Subscripts 

xiii 

A 

Species A 



Adsorption reaction 


g 

G-as 


i 

Interstitial 


P 

Reaction product 


r 

Solid reactant 

i 

s 

Surface reaction (Eq. [4.17]) 


ss 

Solid solution forming reaction (Eq. [5.30]) 

I 

Y 

Vacancy ■ 

1 

. ■ ' 1 

vol 

Volume 


Superscripts 


1 

Interface 1 


2 

Interface 2 


R 

S 

Outer solid-gas interface 


R. 

1 

Unreacted core-reaction product interface 


b 

Biilk gas phase 


eq 

Equilibrium 




SYUOPSIS 


REACTIOH KINETICS IN THE SYSTEM Zr (Hf )Gl^-NaGl 
A Thesis Submitted 

In Partial Fulfilment of the Requirements 
For the Ph.D. Degree 
by 

Sibnath Majmdar 
to the 

Department of Metallurgical Engineering 
Indian Institute of Technology , Kanpur 
December, 1974. 

The kinetics of reaction of vapours of zirconium 
tetrachloride and hafnium tetrachloride with solid sodium 
chloride spheres, leading to the formation of sodium heyachloro 
zirconate (Na^ZrCl^) and hafnate (Na^fClg), respectively, have 
been studied in a closed system. Individual tetrachloride 
vapoitrs (ZrCl^ or HfCl^) as well as their mixtures were employed ; 
as the gaseous reactant. The hexachloro compounds of zirconium 
and hafnium are important from the point of view of electrolytic ; 
extraction of zirconium and hafnium as well as for developing a 
method for the separation of hafnium from zirconium. 

Experimental difficulties associated with handling of 
the tetrachloride gases precluded the use of conventional open 1 
systems and pan balance' arrangements , Hence, the kinetic 
investigations, which forms the core of the present work, were 
conducted in an all -glass closed apparatus. The course of the 
reaction was followed by measuring the change in the weight of 
the reacting sodium chloride spheres by calibrated quartz springs. 
Inert marker experiments w'ere also conducted to augment the 
formulation of reaction mechanism's. 



The formation of the individual double salts i.e. 
sodium hezachloro zirconate and sodium hexachloro hafnate was 
studied as a function of the tetrachloride pressure , reaction 
temperature and sphere size. Under identical conditions the 
reaction with hafnium tetrachloride was invariably found to be 
slower . 

In all cases the reaction occurred at a sharp interface. 
Accordingly, the kinetic data were tested against various 
appropriate heterogenous solid-gas kinetic models. Of these 
models, only the Carter-Valensi product phase -transport controllo 
model gave consistently good fit. The Carter-Yalensi rate 
expression may be expressed as 

Z - n + (Z-l)gl^/^ - (^-l)(l-F)^/^ t 

2( Z-l) cv 

where Z = Volume of product per unit volume of solid reacted 

P = Fraction of solid reactant reacted 

t = Reaction time 

K = Specific reaction rate constant 

cv ^ 

The failure of the other transport controlled models may be 
attributed mainly to the swelling of the sphere during the 
reaction. The swelling is appreciable in these solid-gas reaction 
systems. The Carter-Valensi specific reaction rate constant, K_^_, 
obtained by fitting the experimental data to the rate expression, 
has been employed to correlate the effect of the reaction 
temperature, the pressure and the sphere size with the kinetics 
on a consistent and comparable basis. 





The reaction kinetics for formation of the two 
hexachloro compounds were studied in the pressure range of 250 
to 1000 mm, Hg. The reaction temperature was •varied in the 
range 425“500°C, Sodium chloride spheres of three different 
sizes, ranging from 3.3 to 6.1 mm radius, were used. The 
empirical relations representing the effects of various 
reaction parameters are as follows; 

Effect of pressure, P; E a 

cv 

where n =1.98 for 2rCl^ reaction, in the range 257 to 1013 
mm, Hg and at 450°0. 

n = 2.13 for HfCl^ reaction, in the range 367 to 945 
mm, Hg and at 450° C. 

Effect of sphere size, H : K a — 

^ ' o cv j^m 

where m = 1.92 for 2rCl^ reaction at 450^0 and 745 mm, 

Hg pressure 

m = 2.12 for HfCl^ reaction at 450°C and 945 mm, 

Hg pressure. 

The apparent activation energies for the formation of the two 
hexachloro compo'unds are: 

Formation of Na22rClg: 7.5 Kcal/mole at 745 mm, Hg pressure and 

in the range of 425— 500°G 

Formation of Ha2HfClg; 13 Kcal/mole at 945 mm, Hg pressure and 

in the range of 440-484°C. 

The possible reaction mechanisms have been postulated 
in the light of the pressure and temperature dependence of the 
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specific rate constant and the inert marker experiments. On 
the basis of the experimental evidence, the transport of the 
chlorine ions from the \mreacted core towards the outer product-- 
gas interface appears to be the most likely reaction mechanism. 
The material transport presumably occurs by vacancy mechanism. 

In the range of the experimental conditions employed in the 
present investigation, the formation of both hexachloro zirconat< 
and hexachloro hafnate conforms to the same reaction mechanism. 
However, there were indications to suggest that the reaction 
mechanism xmdergoes a change with change in the polymorphic 
form of the reaction product. 

Some preliminary investigations on simiG.taneous 
formation of the hexachloro compounds were also carried out by 
reacting sodium chloride spheres with vapour mixtures of 
zirconium tetrachloride and hafnium tetrachloride. In these 
investigations, additional experiments were perfcimed to 
ascertain the partial pressure of the reacting gas mixture. 

This was necessary, since the nature of the solution of the 
solid tetrachlorides, which produced the reaction vapour mixture, 
is not known.. In order to determine the partial pressures of 
the two tetrachloride constituents of the reacting gas mixture, 
the composition of the gas phase and the total pressure were 
determined by separate experiments. 

The kinetic data for the mixed gas reactions coiiLd 
also be fitted to the Carter-Valensi model and presumably is 
analogous to the reaction involving a single gas. The product 





Ijhase involved in this case is a solid solution of the two 
hexachloro compounds and Sa2HfClg). There was 

indirect evidence to suggest that the composition remains 
uniform across the product layer i.e. the composition with 
respect to zirconium and ha.fnium does not change with position 
and time. A direct experimental evidence in this regard, 
however, could not he obtained. Attempts to conduct electron 
micro probe analysis across the product layer was foiled 
presumably due to steady evolution of gases from the specimen 
surface. Possibility of separation of zirconium from hafnium 
by kinetic means is also discussed in the light of the 
mechanism of the simultaneous formation of the two hexachloro 


compounds. 



CHAPTER 1 


INTRODUCTION 

1.1 General introduction : 

Solid-gas reactions are of great importance from both 
theoretical as well as practical points of view. These reactio 
may be classified into following groups. 

1. Adsorption (physical and chemical) 

2. Solid + Gas (I) = Gas (II) 

3. Gas (I) = Solid + Gas (II) i 

4. Solid (I) + Gas = Solid (II) 

5. Solid (I) = Solid (II) -b Gas I 

6. ' Solid (I) + Gas (I) = Solid (II) + Gas (II) 

Such reactions are usually known as heterogeneous solid-gas 
reaction due to distinctive dissimilarities in phases. Hetero- 
geneous solid-gas reactions form the basis of many technological 
processes. The following are a few examples. 

1. Metal extractionj | 

a. -Neduction of oxides Fe20^( s )+3C0( g) = 2l'e( s)+3C02(g) 

P’e20^( s )+3H2(g) = 2Pe( s )+3H20( g) 
¥0^(s)+2H2(g) = ¥(s)+2H 20(g) 

b. Roasting of sulphides Cu 2 S( s )+202( g) = 2Cu0(s)+S02(g) 

NiS2(s)+02(g) = IiS(s)+S02(g) 
2ReS(s)+302(g) = 2FeO( s )+ 2 S 02 ( g) 
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c. Chlorination reactions 


2. Metal refining; 

a. Carbonyl process 

b. disproportionation 
reaction 

c . van Arkle process 


Zr02(s)+2G(s)+Cl^(g) = 

ZrCl^( g)+2C0(g) 
Ti02(s)+2C(s)+2Cl2(g) = . 

TiCl^{g)+2G0(g) 

Ki( impure ,s )+4C0(g} = M(GO)^(g} 

AlGl^(g)+2Al(s) = 3AlGl(g) 

Zr( impure ,s)+2l2(g) = Zrl^(g) 


3 . Gasification of solid fuels; 

a. producer gas generation 2C(s)+02(g) = 2C0(g) 

b. V/ater gas generation G(s)+H20(g) = COCgj+H^Cg) 

4 . High temperature gas-metal reactions; 

a. Oxidation of metals Cu( s )+-2'02( g) = CuO(s) 

Zn(s)+t02(g} = ZnO(s) 

b. Sulfidation of metals Ni(s)+-^ 2 ^g) = NiS(s} 

2Cr(s)+|s2(g} = Cr2S^(B) 

5. High temperature decomposition of compounds; 

a. Calcination of limestone CaCO^(s) = CaO( s )+C02( g) 

Ihe scope of heterogeneous solid-gas reactions is obviously 
very wide and 5 accordingly, numerous publications are available 
on various aspects of this subject. 

Heterogeneous reactions being studied in the present 
■work are of significance in the extractive metallurgy of 
zirconium and hafnium. In comparison -with usual oxidation- 
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reduction systems reported in the literature the present 
systems are considerably more complex. They also present 
unusual experimental difficulties. 

The present study examines kinetic aspects of the 
formation of sodium hexachloro zirconate and sodium 

hexachloro hafnate (Eia2HfGlg). These ternary compounds form 
when tetrachloride vapours of zirconium and hafnium^ respective! 
react with sodium chloride. 

The hexachloro compoxmds of sodium as well as those 
of other alkali metals viz. K, Cs , li etc.; have received 
considerable attention in recent years in view of considerably I 
lower vapour pressures compared to the pure tetrachlorides. 

These compounds, thus, represent a greatly stabilised form of 
the volatile tetrachlorides and, therefore, are of considerable; 
interest as potential electrolytes for the extraction of 
zirconium and hafnium by fused salt electrolysis.^ 

Moreover, for a given alkali metal, the hafnate is ; 

generally more stable than the zirconate. Accordingly, the 
equilibrium pressures of zirconium tetrachloride and hafnium 
tetrachloride over the double salts, are different j the pressure 
of zirconium tetrachloride being higher. This difference in 
equilibrium vapour pressure of zirconium tetrachloride and 
hafnium tetrachloride over the corresponding hexachloro compound; 
indicates possibility of effecting separation of hafnium from i 
zircoiii''^* I'fe is well known that for nuclear application 
zirconium should be free of hafnium. The maximum tolerable leved 
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of hafnitua is alsout 200 ppm . Hafnim is imdesirable because 
of its extremely hi^ neutron capture cross-section. This 
common impurity s however, is difficult to remove in view of 
the pronounced similarity in the chemical behaviour of these 
twa elements. It may be possible to effect some separation 
using reaction of tetrachloride vapours with sodium chloride. ’ 
Kinetic data for the formation reaction would also be useful 
from the point of view of production of these double salts. 
Moreover, the kinetics of formation of the compounds would be 
of much theoretical importance as well in view of certain I 

characteristics such as swelling due to reaction, single phase-: 
ternary compound formation etc. 

The present work is aimed at studying kinetic aspects 
of the following three heterogeneous solid-gas reaction systems.; 

i) Zirconium tetrachlorid-e (gas) - Sodium chloride (solid) 

ii) Hafnium tetrachloride (gas) - Sodium chloride (solid) 

iii) Mixture of zirconium tetrachloride , and hafnium 

tetrachloride (gas) - Sodium chloride (solid) ■ 

The scope of a mechanistic analysis in all the three 
systems, however, is considerably limited due to total lack of 
information regarding the defect structures of the reaction 
products, Ho direct inferences can- be made regarding transport 
phenomena in these compounds. In all cases, therefore, a 
conceptual approach has been adopted to analyse the experimental i 
Qata 0 
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1.2 Chloro-haf nates and zirconates of alkali metals 

Hexaciiloro compounds of zirconitmi and hafnixmi of the 
general chemical formula M^XOlg , where M stands for alkali 
metals (Li to Cs) and X stands for zirconium or hafnium, have 

been identified in several phase diagram studies of systems of 

% 

the type MCl-XCl^^ ’ Several alkaline earth metal chlorides, 
namely, BaCl^ and ^^rCl^ also form similar hexachloro compounds.^ ; 
Rea.ctions leading to the forma.tion of double salts of alks.li ■ 

metals may be m-itten as 

2MC1 + XCl^ = [1.1] 

Lhe alkaline earth metal chlorides would react similarly. 

Ihe systems IfaCl-HfCl^, KCl-ZrCl^, KCl-HfCl^, CsCl-ZrCl^ ; 
and CsCl-HfCl^ wore studied by Morozov and Sim In-Chzhu" in 

6 ' 

almost the entire composition range. Howell, Sommer and Kellog 

7 

a,s well as Morozov and Korshunov have reported phase diagi'ams ; 

for the systems HaCl-ZrCl^. Several additional studies on these 

8 Q 

systems are also available ’ ^ which however, are mere exploratory ^ 
in nature. These systems showed several common characteristics. 

In all the cases, two eutectics and a congruently melting 
compound, M^XGlg, were observed. Additional terna,ry compounds 
were found in the high ZrGl^ side of the systems NaGl-ZrCl^^ ’ 
and KGl-ZrCl^.^® A list of the important features of this 
class of systems is given in Table I. Only those systems for 
which informations are available in the entire composition 
range are included in the Table. Phase diagrams of the systems 
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HdOl-irCI^ and IfaOl *ioji may be considered as represen- 

tatives of this class of systems and eventually are of current 
interest, are shown in Pigs. 1 and 2. 

The MOl-JIjXOlg portion of such phase diagrams, in 
particular, have received considerable attention In recent 
years because of the technological importance of the compounds , 
MjXOlg. This region of the phase diagram is characterised by 
phases mth relatively lov vapour pressures. The system, 
therefore, may provide a suitable electrolyte for electrolytic 
extraction of slrconium and hafnium metal.l The hazachlorc 
compounds are .also of Interest from the point of view of 
separation of sirconium from hafnium. A suitable technique for 
reparation may he developed based on the difference in the 
thermal stahlllties of the hafnium and slrconium compounds. 

The thermal stability, which is characterised by the equilibrium 

vapoiir press-ure of the tetrachloride „ 

over tliese compounds ^ was 

first investigated by Morozov and oo-workers.^l The vapour 
pressure data indicated Increasing stabilities with increase 
in the ionic radii of the cations of the reacting metal chlorides 
The order of stahlllties was found to be: Cs^ZrOlg'; E^ZrOlg', 
HajZrClg, The same order prevailed for the hafni4 ccmpounL 
also. Eutrlzao and Plengas^ confirmed these findings later. 
Eelatlve stability of zirconium and hafnium compounds of the 
same metal chloride was also reported by Morozov and oo-workers.^: 
The hafnium compounds were found to be more stable in all cases, 
aermcdynamlo data pertaining to the formation of these 










lsC2NiLCi>IrdJ 


m%ZrCi 


I DiAGRAM OF THE SYSTEM 
ZrCl/ (from reference-7) 


■L* SNOk^HfCl^ 
MfCli 






kif DIAGRAM OF THE SYSTEM 
;t#NfCl2^ (from reference -5 ) 
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compounds (solids only), produced by the reaction involving 
tetrachloride vapours and solid alkali metal chlorides, have 
been shown in Table II. Only those systems for which data are 
available for both the zirconium and the hafnium case , have been 
included in the table. For the sake of completeness, each 
pair of data ( Zr and Hf) has been taken from the same source. 

It may be noted that from the point of view of difference^ 
in the equilibrium vapoiir pressures of zirconium tetrachloride 
and hafnixmi tetraahloride over the corresponding double compounds 
cesium chloride should be most suitable for effecting separation.: 
However, these salts would be too stable to allow recovery of 
zirconium and hafnium tied up in the salt during any procsss. 
Moreover, it would not be possible to recover the tied up 
zirconium and hafnium effectively by applying high temperature i 
and high vacuum due to hi^ vapour pressure of cesium chloride ; 
itself. 

1.5 Methods for the separation of hafnium from zirconium 1 

Some amount of hafnium, usually 2-5 peh cent, is always 
present in the naturally occurrii}g ores of zirconium. Due to 
its high thermal neutron capture cross-section, presence of 
hafnium, even in small amounts, is highly detrimental to zirconium 
for nuclear applications. The thermal neutron capture cross- 
section of hafniim is 105 barns^^/atom compared to only 0.18 

cp Barn is unit of area for nuclear cross-section. 

1 barn = lO"^^ cm^ 
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barns/atoia of zirconi-um.^^ Conseq'uently , a very high degree 

of separation is needed. Ihe tolerance limit for nuclear grade 

2 

zirconium is specified at 200 ppm of hafnium. hue to pronounced 
chemical similarity of these tv70 elements, such high degrees of 
separation can he attained only with special techniques* Extreme- 
similarity in the chemical hchavioTxr of zirconium and hafnium 
is attributed to the effects of the ’lanthanide contraction' on 
the ionic raditis of hafnium. In fact, no two other elements 
in the Periodic fable present more difficulty in separation. 

Of the various methods attempted so far, only a few ; 

have shown much promise and still fewer could be exploited 
commercially. A list of the important separation methods are 
given below: 

1 , 5 ■ '' 

1) I'ractional crystallisation from a-queous solutions" 

2) Solvent extraction using organic solvents^^”^^ 

3) Ion exchange (both cation" and anion ) using- 

commercial resins 

4) Practional distillation of tetrachloride mixtures'^^’ 
and their addition compoimds'^' ” 

5) Differential reduction of tetrachloride mixtures" 

6) Vapour phase dechlorination*'^ . 

Amongst these, the solvent extraction method using 
tributyl phosphate and methyl isobutyl ketone as solvent has 
been most widely employed. A fractional crystallisation method 
based on difference in solubility of water 

containing hydrochloric acid has also been attempted for 
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15 

commercial exploitation "by Russian workers. The metliod wa.s 
found too slow for large scale operation. Besides, too many 
stages were needed to effect an acceptable separation. After 
16 to 18 stages Sajin et. al. obtained potassium fluozirconato 
containing about 0.003 cent hafnium. The large number of 
stages, however 5 are common to all the methods. In addition to 
this, most of the method§ suffer from various other limitations 
also such as low separation efficiency, costly chemicals, 
handling of corrosive compounds, low recovery and throughput etc. 
Even the solvent extraction method is fairly expensive and 
difficult to control on account of large number of unit operations 
involved. These include preparation of extraction feed, 
liquid -liquid extraction, recovery and recycling of chemicals, 
precipitation of separated species, calcination of the 
precipitates etc. 

furthermore , a common difficulty encountered in most 

methods, including the solvent extraction, is that the methods 

are generally not compatible to the overall scheme of production 

of zirconium from ore to hafnium-free metal. Separation processes 

must be eva.luated, not only on their intrinsic merits but also 

in respect to their compatibility with the total scheme. The 

32 

well established Kroll*s process for production of zirconium 
uses the tetrachloride as the source. The flow chart may be 


shown as follows; 
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Joircon sand i ^ ^ | Chlorination 

+ Carbon in ! ^ j of j 

arc furnace j impurities | Carbides j 

J ' 

i Zr(Hf)Cl4 
I impurities 


J 


Resublime I 


f- 


Zr(Hf)Cl4 
-> 


i Reduction 
, by liquid 
I Mafenesium 


4 

Zr(Hf ) metal 


Clearly this scheme would be best served by a separation process 
performed on the anhydrous tetrachlorides. But most of the 
commercial methods need special feed preparation and also leave 
the product in some form other than the tetrachloride . 

It is to be noted, however, that methods which do fit 
into the overall scheme have had only very limited success. 
Methods based on fractional distillation of tetrachlorides or 
their double compounds may be mentioned in this regard. 
Distillation of tetrachloride mixture under ordinary^^ and high 
pressure^^ ’ has been attempted. The former resulted in low 
separation efficiency, while technical difficulties accompanying 
the required high pressure prevented the latter process from 
becoming commercially feasible. Distillation of addition 

compounds of the tetrachlorides with PGl^^^ and POCl^^^ as well 

PT P.R' 

as alkoxides ’ also resulted in low separation factors. 

Besides, handling of the corrosive compounds involved in these 

14 

processes posed a major problem. Eim and Spiiik recently 
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indicated possibility of low temperature distillation using 
eutectic melts of Zr(Hf)Cl^ and mixtures of fused salts like 
liaOl and KOI. 

in alternate class of separation methods, with output 
and input both in the form of tetrachlorides attempts to fixup 
hafnium tetrachloride preferentially to a solid phase. 

Chandler''^ effected separation by reacting HfCl^ present in the 
impure gas mixture with ZrOg to form ZrCl^ and HfO^* lutrizac 
et al. worked on the method of preferential reaction between 
HfGl_^ and NaCl, Ihe method involved reaction between gaseous 
mixture of ZrCl^ and HfCl^ with solid HaCl. Other alkali 
metal chlorides such as KOI, CsGl, LiCl etc. can also be used 
instead of NaCl. Applicability of this principle in continuous 
packed bed reactor has also been demonstrated.^ Percentage 
recovery of zirconium as well as se para. t ion efficiency of this 
method, however, wore rather poor."^ ¥hile the problem of 
recovery can be overcome by simple vacuum treatment of the 
reacted solids, a,ny improvement of the separation efficiency 
would depend on the mechanism of the formation of the two 
hexachloro compoimds. This woizld require understanding of 
reaction mechanisms both qualitatively as well as quantitatively. 
However, these aspects have not been adequately dealt with in 
the literature. The core of the present investigation is 
concerned with these kinetic aspects. 
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1,4 Kinetics of formation of chlorohafnates and clilorozirconates 

Of the various alkali and alkaline earth metal chloro 

compounds of zirconium and hafnixm,, only the kinetics of forma- 

54 '55 

tion of sodium compounds have been reported. ’ 

Dutrizac and i'lengas'^^' studied heterogeneous kinetics 

of formation of Ka^ZirCl^ using single - crystal plates of sodium. 

chloride. The reaction was said to follow the well-known 

parabolic law. It wa.s concluded that the reaction kinetics was 

controlled by diffusion of zirconium tetrachloride through the 

zirconate layer surrounding the inner core of the unreacted 

sodium chloride. The temperature coefficient of the process in 

the range 399-504°C was calculated as 12.5 ± 3 Ecal/mole for 

reactions conducted at an average tetrachloride pressure of 

600 mm of Hg, ■ 

35 

A subseq,iient study by Pint and Plengas on the 

formation of Na 22 rCl^ and Ka 2 HfClg also reported product phase 

transport control mechanism. The pressure dependence of the 

rate constant was studied for both cases at 485°G. Per hafnium 

compound this temperature, incidentally, coincides almost to the 

5 

polymorphic transformation temperature from y "bo 5 phase. The 
rate constant of the parabolic law was found to be proportional 
to 1/2.8 and 1/4. l"^^ power of the 2rCl^ and HfGl^ vapour 
pressure, respectively. Taking into consideration the reported 
±2^C fluctuations in the reaction zone temperature, it appears 
that the observed pressure dependence for the hafnium case 



could be an average of the pressiire coefficien^applicable tc 
the Y ‘5 ^phases. 

To explain the observed pressure dependence, a reaction 
mechanisn based on probable characteristics of the hexachloro 
compounds was proposed by T*int and Plengas.^^ The reaction was 
considered to be controlled by diffusion of Gl~ ions from the 
inner reactant-product interface to the outer solid-gas interface. 
The compound NaXCl^, which has been indicated in several phase 
studies^ was assumed to be present at the outer solid-gas 
interface. In HaXCl^ , X sta.nds for zirconium and hafnium both. 

The reaction considered was 

ZClg2- + XCl^(g) »• 2[XGl5]* -b x7^^ [1.2] 

’x' was taken as one for zirconium case and two for hafnium 

The chlorine ion vacancy generated in the surface reaction was 

considered responsible for transport of Cl^ ions from the inner 

sodium chloride core. The transported Cl” ions reacted to forn 

the hexachloro compound according to the reaction 

_ . 2 - 

[XCl^] + Cl^ = XClg [1.3] 

The concurrent transport of Na ions were a.ssumed to occur . 
through interstitials in the hexachloro compomd lattice. This 
mechanism apparently explained the observed pressure dependence 
of the rate constant- 



17 


1.5 Plan of tile work 

In the present study the kinetics of formation of the 
double compounds, and l'Ta2HfClg, have been studied using 

the principle of thermogravimetry in an all glass closed 
apparatus. Since both the double compounds of zirconium and 
hafnium as well as their tetrachlorides readily react with air 
and moisture, the reactions are to be conducted in sealed system. 
The use of sealed system precludes adoption of conventional pan 
balances for rate measurements. Transducers also cannot be 
used because of severe corrosion of metals by tetrachloride 
vapours. Therefore, calibrated quartz springs seen to be the 
only device which may be employed in the present system for 
continuous mea^surement of the change in weight of the reacting 
solid. 

Experiments were designed to study the effect of 
parameters such as reaction temperature, gas pressure and sphere 
size on the rate of formation of the hexachloro compounds. In 
addition to studying the effect of these parameters on reaction 
rate, inert marker experiments were also designed to aid the 
kinetic analysis. In the absence of information regarding 
transport characteristics of the solids involved, marker 
experiments serve to give valuable information concerning the 
reaction mechanism. 

Investigations on the kinetics of the mixed gas 
reactions were also planned along similar lines. In this case, 
however, partial pressures of the constituent tetrachloride 
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gases were to be determined separately. Additional experiments, 
therefore, were designed. The experiments involved measurement 
of total gas pressure and gas phase composition, separately, 
furthermore, to ascertain the compositional relationship between 
the reacting gas and the solid reaction product, chemical 
analysis of the product layer was also planned. 

Microscopic examinations are of great importance for 
kinetic studies of this nature. This, however, is not possible 
in the present case because of the difficulties associated with 
specimen preparation. Extreme fra^gile nature of the hexachloro 
compounds precludes fine polishing. Other valuable supporting 
experiments ouch as electron micro probe analysis of the product 
layer to determine concentration profile (for mixed gas reactions) 
in the reaction product also cannot be carried out. Preliminary 
enquiries on the possibility of conducting electron micro probe 
analysis showed that this technique cannot be applied on these 
systems. When the beam was projected on the sample surface, 
the area imder the beam was removed in a short time, presumably 
due to evaporation of chlorides. These vapours would perhaps 
also damage the a.pparatus. 
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CHAPTER 2 

HSTBROGEHIOUS SOIIL-GAS RBAGTIOHS 

2.1 Introduction 

Understanding of the heterogeneous solid-gas reaction 
kinetics involves identification of the rate controlling step and 
the pertinent reaction mechanism. While the rate limiting 
step (s) may he identified through conceptual macro reaction 
models, elucidation of the mechanism requires knowledge of 
properties of both the reactant and the product solid at atomic 
level. Of the various aspects involved in this, understanding 
of the chemical reaction is most difficult. In fact lack of 
proper understanding of the solid state properties for defining 
the concept of reactivity of solids poses major obstacle in the 
mechanistic evaluation of the overall reactions. On the other 
hand, solid properties relevant to material transport, at least 
for binary compounds like oxides, sulfides etc., are adequately 
Imown and suitable mechanistic analysis of diffusion through 
the product phase is generally possible. -Obviously, the ca,se 
of porous product does not require such knowledge, since diffusion 
in this case depends on the pore structure, porosity and other 
tppological featxrres which are not specific to the chemical 
nature of the product . 

for the ternary compounds Ha^ZrClg and Na^HfClg, which 
are of interest in the present investigation, unfortunately, no 
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information concerning the transport properties is available. 

Keeping this limitation in mind, the general featizres of 
heterogeneous solid-gas reactions are briefly reviewed in the 
following sections in order to form a basis for subsequent analysis 
of the rate data obtained in the present investigation. 

Accordingly, general features of reaction models, mechanisms of 
solid state transport controlled reactions and general aspects 
of phase boundary reactions have been discussed in sections 2.2 
to 2.4, respectively. 

2.2 Reaction models i 

Solid-gas reaction models essentially are rate equations j 
expressed in terms of parameters which characterise one or more ' 

of the reaction steps viz. chemical reaction at the interface, j 

transport through the solid reaction product and the surrounding i 
gas phase. The reactions may be under single or multi step 
control. The manner in which reaction steps are to be synthesised i 
for building a representative model primarily depends on the 
nature of both the product and the reactant solid i.e. the extent | 

, j; 

of porosity. 

i' 

Rig. 3 has been drawn to depict the various situa.tions [ 

that may be encountered. A sharp interface may result for both 
porous and nonporous product layer as shown in Rig. 3a. The 
sharp interface rJ/ lotion by far is the most well understood i 

situation. In case, the reaction steps leading to the 

ccur in series. The step resistances governing 


product format i 
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the rate of reaction, therefore, are additive. 

Diffused reaction interface as shorn in Fig. 3D is 

often contended as the most general manner in which heterogeneous 

■56 37 

solid-gas reaction can take place.' ’ It has been argued that 
for porous react-ant and product, and under the condition of 
mixed control, the reacting gas may diffuse past partially 
reacted solid particles. In other words, reaction may occur in 
a diffused zone, where concentration gradients occur both in 
the solid as well as the gas phase. The diffusion and chemical 
resistances, therefore, act simultaneously. It is to be noted 
that in spite of the generality of the diffused interface 
situation, sharp interface case remains more fundamental. The 
individual grains which constitute the reaction zone essentially 
react in accordance with the latter scheme i.e. the consecutive 
reaction steps. 

The third possibility is occurrence of the reaction 
in virtually homogeneous manner. If the porosity of the reactant | 
solid is very hi^, the reactant gas may permeate right into the 
central core . Under such circumstances the reaction takes place 
in the entire solid simultaneously and the concept of a reaction 
interface virtually disappears. Fig. 3c shows the features of i' 

I 

a homogeneous reaction. This, however, is too drastic a case : 

and is only of limited relemnce in solid-gas reactions. 

A large number of reaction models have been proposed to 
quantitatively explain the kinetics of all the three classes of 
reactions. In recent years, in addition to rate control by mass 
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transfer and chenical reaction, importance of heat transfer in 
influencing reaction rate has also been pointed outO Por 

reactions involving high enthalpy change, it is essential to 
incorporate effect of heat transfer in the reaction model. A 
detailed discussion on these models, however, is beyond the scope 
and nature of the present work. The following discussion, 
therefore, is limited only to those sharp interface models which 
are relevant to the present context. However, a classification 
of various models, p.pplicable in various situations is shown in 
J’ig. 4. 


It was mentioned earlier that the reactions involving 
sharp interface may be under single or multi step control. Shen 
and Smith^^ as well as Spitzer, Manning and Philbrook"^^ derived 
mixed control rate equations for reactions involving formation 
of both solid and gaseous products. Differentia.! form of the 
rate equation of reaction of the type 


A (gas) + B (solid) = C (solid) 
under mixed control is given by'^ 


[ 2 . 1 ] 


dR. 

1 

dt 


(c° - a?«)/n 


* L 

R? k_ ^o ®A ^r 


[ 2 . 2 ] 


o m 


The various terns in denominator in Eq, [2.2] may be identified 

respectively, as the gas film, product layer and chemical step 

9 See nomenclature list in the beginning of the thesis for 
meaning of symbols. 
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resistances. Single step control models may be derived from 
Bq_. [2.2] by invoting suitable simplifying assumptions. If 
product phase transport exclusively controls the overall reaction 
then chemical and gas phase transport resistances may be ignored 
a.nd the rate equation reduces to 



Equation [2.3] is the differential form of the rate equation 
for spherical solids imder product phase— transport control. Ihe 
Integra, ted rate equation may be obtained from this by introducing 
proper boundary conditions. Similar treatment is applicable for 
other single step control cases also. 

Product phase-transport control models proposed by 
Carter'^^ and Valensi"^^ as well as Crank"^^, G-instling and 

AC 

Brounshtein^ follow directly from Eq, [2.3]. The final Integrated 
rate expression for the two models^^however, are not the same. 
Carter-Valensi model in contrast to Crank-Ginstling-Brownshtein 
model, accoimts for change in size of the reactant sphere with 
the growth of the- product layer. The integrated rate equations 
arrived in the two cases are as follows; 


Grank-Grinstling-Bi“ownshtein EqT|ation: 

1 - |e - (l-E)^/^ = K . t 

3 cgb 

Carter-Yalensi lqua,tion; 



[2-4] 

[2.5] 
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T'lie parameter Z, incorporated in Cartcr-¥alensi equation to 
account for change in sphere size, is defined as 


Z 


Tolume of solid reaction product 
Volume of solid reactant constimed 



M / 


^ 7 ^ 


[ 2 . 6 ] 


It has been pointed out that swelling plays an important 

47 

role only when Z has value more than 2. Por Z values between 
45 46 

1 and 2, Crank -Gins t ling and Brounshtein model fails only at 
very high percentage of reaction. Obviously then validity c-f a 
nodel nay be ascertained o.dequately only when reaction rate da.ta 
upto a very high percentage of reaction are available. Testing of 
the rate data obtained for only a small extent of reaction may 
result in erroneous rate constant values. The use of frequently 
applied transport control model of Jander^ for reaction over a 
spherical interface is much more misleading in this respect. The 
assumption of constant area of reaction front restricts applicabi- 
lit5'^ of this model only to a very low percentage of reaction. It 
is to be noted that in contrast to plane reaction interface, area 
of spherical reaction interface always decreases with the progress 
of the reaction. Accordingly, ’parabolic law' which applies to 
transport control reactions on flat surfaces has quite simplified 
form. 

dander’s model, however, may hold for higher conversion, 

if the reaction shows appreciable void formation in the reactEnt 

core- Void formation has been reported in several oxidation 
49-52 

studies. Por reactions occurring by outward diffusion of 

ions , vacant sites are produced at the product-reactant interface 
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due to passage of ions in the product lattice. The vacancies 
thus formed may diffuse into the reactant core and form voids. 

The void formation prevents shrinking of the reactant core 
and hence with appreciahle void formation Jander's model may 
stay valid for larger extents of reaction. On the contrary, 
if such a situation arises, Oarter-Valensi as well as Crank- 
Ginstling and Brounshtein models loose much of their significance. 
Clearly, shrinking core concept emhodied in these models 'becomes 
invalid if apprecia'ble void formation occurs. However, void 
formation is seldom appreciable and these models are generally 
applicable for transport controlled reactions in spherical 
geometry. 

It is to be noted that testing a model to high percentage 

of reaction is possible only when reaction mechanism does not 

change as a function of extent of reaction. A number of cases 

are known in which reaction mechanisms were found to change with 
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progress of the reaction. Such changes primarily occur 

due to change in the characteristics of the product layer. 
Transformation of product layer from nonporous to porous has 
been reported quite frequently in the literature. ’ Even 
in such cases testing of a model upto high percentages of 
reaction is desirable because that would help in identifying 
changes in the reaction mechanism. 

Single step control models, briefly discussed above, 
adequately explain a reaction provided the magnitude of various 
reaction resistances differ sufficiently. This is apparent 



from the close fit of the rate data to single as well as mixed 
control models^^’^^ for reactions involving porous product 
layer, for porous product layer cases, different reaction 
resistances are often comparable. Under such circumstances, 
identification of rate controlling steps using reaction models 
may not be possible. On the other hand, solid state diffusion 
rates are much slower compared to rates of the other reaction 
steps and only in this case rate limiting step may be identified 
unequivocally with the help of rate equations. Even in this case 
the choice of a truely representative model is subject to the 
condition that changes in sizes of the reactant be given due 
consideration. 

2.3 Solid state transport controlled reactions 

Discussions on the general features of various tj/pes 
of solid state transport controlled reactions form the subject 
matter of this section. Special emphasis has been given to 
the case of lattice diffusion controlled reactions. Thus, while 
in sub-section 2.3.1 a very general discussion on conditions 
of occurrence of all known types of solid state transport 
controlled cases is presented, subsequent subsections include 
discussion on various aspects concerning lattice diffusion only. 
The role of different reaction parameters as well as that of the 
marker studies in connection with lattice diffusion controlled 
reactions are discussed in 2.3-2 and 2.3*3? respectively. 
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2.3.1 General consideration on solid state transport controlled 
reactions 

In general, the study of the mechanism of the transport 
control reactions includai identification of the rate controlling 
species and the manner of its transportation. Ihe migrating 
species may be ions from either the gaseous or the solid 
reactant. In the former case, the product forming reaction 
shoxild occur at the inner pro duct -re actant interface and in the 
latter case at the outer product-gas interface. In the event 
of comparable mobilities of species of both types, the reaction 
may occur in a zone lying between the aforementioned phase 
boundaries. 

Material transport to the reacting phase boundary may 

involve lattice diffusion, electric field induced diffusion or 

short circuit diffusion through the grain boundaries and 

dislocations. The preponderance of one mechanism over others 

would depend primarily on temperature. In view of the fact that 

a number of mechanisms are possible , the rate equations should 

be interpreted cautiously. Contrary to the earlier notion that 

the parabolic law must necessarily signify material transport 

by lattice diffusion, it is now known that other solid state 

diffusion mechanisms also conform to this law. At somewhat 

lower temperatures (less than Tamman temperature ) when recrystal 

lisation and grain growth rates are quite slow, generally short 

57 58 

circuit diffusion pievails. Smeltzer et al.^ advanced a 
phenomenological description to account for diffusion of this 
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type. It was shown that the parabolic law will resitlt if 
micro structure and diffusivity are independent of reaction time . 

At still lower temperatures, in the presence of thin 
product films, electrical field induced diffusion sets in, 
wherein the space and surface charge fields generate the 

c q 

electrical field. It has been shown that in the presence of 

an electrical field, a wide variety of kinetic rate laws , 
including the parabolic law, may result. The characteristics 
of the 'thin film case, however, are quite distinct from the 
lattice diffusion case and no confusion should normally arise, 
nevertheless, it is worth noting, since the phenomenon giving rise 
to space charge layer i.e. electron exchange involved in the 
preceding chemisorption step, is common to high temperature thick 
product layer ca.se also. However, for thick product layer case 
the effect of the thin space charge layer is of no consequence 
since slower transport in the much wider space charge free zone 
dominates the scene shortly after the start of the reaction. 

Yet another source of parabolic law, where the product 

phase diffusion operates onis’' partly, is the case of simultaneous 

6 1 

gas dissolution and scale formation. Oxygen dissolving metals 
such as zirconium and hafnium are believed to obey this mechanism 
at certain stages of oxidation. 

From the above discussion it is clear that la,ttice 
diffusion mechanism operates only in the formation of thick 
X^roduct layers at high temperatures.. Detailed mechanism of this 
type of reaction is generally well understood because of the 
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parameters. The theory known as Wagner's theory of oxidation 
incorporates the concept of ambipolar diffusion of lattice 
defects under a chemical potential gradient set by the inter- 
facial equilibrium reactions. Both electronic and ionic defects 
are considered as the migrating species. The theory has been 
widely used in numerous investigations pertaining to . 
heterogeneous reaction of metals with oxygen, sulfer, halogens 

etc. Comprehensive reviews of such studies are available in 

RQ fsH 

several monographs. ^ ’ ' However, quite often the theory 

cannot be used due to the lack of precise information regarding 

defect characteristics of the solid reaction product. 

In spite of the applicability of the theory to most 

metal-gas reaction systems, the theory is found inadequate for 

more complex systems e.g. oxidation of alloys. Severtheless , 

the concept embodied in it is generally valid and has been 

successfully developed to explain the kinetic behaviour of such 

complex reaction system as alloy oxidation leading to the 
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formation of single phase oxide solid solution. Application 
of the new theoretical treatment is to be found in recent work 
of Smeltzer and coworkers. 

2.5.2 Role of reaction parameters on reaction mechanism 
(lattice diffusion) 

Detailed analysis of _the specific nature of the lattice 
diffusion mechanism i.e. interstitial or vacancy me chanisjn 
involves identification of the defect structure. Since the exten 
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and type of the lattice defect are directly related, to presstire 

and temperature, investigations on the influence of these two 

important reaction parameters are necessary for unambiguous 

establishment of the transport mechanism. Success of such 

analysis, of course, depends on prior information on the defect 

structure . Such information may be obtained from extensive study 

on the extent and type of nonstoichiometry, measurement of partial 

conductivity, tracer diffusivity etc. However, such extensive 

and time eonsxaming studies may not always be possible and other 

qualitative studies like marker experiments may be useful. In 

the following paragraphs, general features of the dependence of 

reaction kinetics on pressure and temperature is discussed. A 

detailed discussion is not undertaken because the nature of 

dependence varies from system to system. 

The effect of pressure on the reaction rate may indicate 

the validity of a particular defect chemistry, postulated on the 

basis of certain qualitative informations viz. marker position, 

effect of impurity etc. lor example, if marker studies indicate 

outward diffusion then the observed pressure dependence of the 

rate constant can be used to identify the actual mechanism i.e. 

interstitial or vacancy mechanism. A positive pressure law 

(rate constant a indicates vacancy mechanism. On the 

other hand, if the rate constant remains unchanged with pressure 

then interstitial mechanism is said to operate (for details see 

HP 

Section 4.7). Several oxidation systems reviewed by Hauffe" 

66 ' '' '■ 

and Kofstad exhibit this behaviour. On the contrary, effect of 
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tempera tiire can be meaningfully interpreted only when specific 
quantitative informations are available. The ^rhenius type 
relation, which relates rate constant to reaction temperature, 
includes enthalpy terms of all the equilibrium steps leading to 
the formation of the rate limiting defect as well as the 
activation energy for the diffusion. Determination of activation 
energy of the rate controlling step, which is often the prime 
goal of studying temperature effects, therefore, is possible only 
when all the relevant enthalpy data are available from independent 
sources. This, however, is seldom the case. In the absence of 
such detailed data, the role of temperature effect is limited 
to indicating changes in the reaction mechanism only. Pressure 
effect may also indicate such a change. In the event of a chan^ 
in the reaction mechanism the pressure coefficient and the 
temperature coefficient change. A change in reaction mechanism 
may imply a change in the degree of ionisation of the lattice 
defects and, in the extreme case, a qualitative transformation 
of the product layer characteristics. 

A change in the press'ure law may also be expected with 

changes in the activity coefficient of the components involved 

71 

in the defect equilibria. Possible interaction amongst the 
defects may cause such changes in activity coefficients. However, 
this may often remain undetected in the absence of any viable 
method for the estimation of the activity coefficients. 

Deviations from constant pressure law have often been interpreted 
in the literat'ure as due to changes in the degree of icnisation 



34 


72-74 

of defects. However, this calls for a detailed study. 

The role of pressure may assume further complexity if the defect 

character drastically varies across the product layer. Since 

pressure, or more specifically, chemical potential of the 

gaseous reactant varies widely across the product layer, 

significant difference in the defect structure within the 

product lEiyer is not unlikely. In this connection the example 

of Ta^O^ may he cited. This compoxmd was found to he a p-type 

semiconductor at oxygen pressures close to one atmosphere and a 

73 

n-type semiconductor at low oxygen pressures. 

2.3-3 Marker studies 

It was mentioned earlier that elucidation of the 

transport controlled reaction mechanism req''aires identification 

of the rate controlling species. In those cases where Wagner's 
65 

theory applies, this can he predicted provided the required 
transport data are known. Such data are, however, seldom 
available'. Under such circumstances marker experiments seem to 
he a valuable practical alternative in spite of its known 
limitations. Accordingly, this technique has been applied by 
numerous investigators^^ ^ ~ since the pioneering work of 
Pfeil®^ in 1929. 

Inert marker technique involves fixing of markers in 
the form of thin wire or porous film over the solid surface 
before reaction. The position of the marker is examined at the 
end of the reaction. Waen the product layer is compact end 
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pore free end the components are transported by lattice diffusion 
the final marker position is dependent on the diffusion rates 
of the components. If the marker is retained at the iriner 
product-reactant interface then it is taken as an evidence of 
exclusive outward ionic movement (from core to outer solid-gas 
interface). Similarly, presence of the marker at outer gas- 
solid interface implies an exclusive inward migration of ions. 

If migration occurs in both the directions, markers would be 
found within the product layer itself. All these observant ions , 
however, apply to an ideal situation only. Secondary processes 
may influence and change the marker position in actual cases. 

Experimental studies on oxidation of metals show many 

n c '70 

instances of anomalous marker moverent. ' In all the 

investigations, contrary to expectations, the markers were 
found to be located away from the scale-metal interface. 

Reported product formation beneath the markers is considered to 
be the result of partial detachment of the product scale from 
the reactant and consequent bypassing of the markers.*'" It 
has been argued that when the product layer surroimding the 
metal becomes physically separated from itr markers may be carried 
off along with the layer. The marker would now stay at the 
product layer — crack interface. Owing to the loss of contact 
between the produet and the metal, the chemical potential of the 
metal in the product layer will decrgase and the vapour po^'essure 
of the non metal will correspondingly increase above the 
dissociation pressure of the scale. The exposed metal may now 
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react with the vapoxjr to form new product beneath the marker. 

Above explanation on the anomalous marker behaviour for gas- 
metal reaction, however, is quite general and should apply to 
other systems as well. ^ 

Partial loss of adherence between reactant and product 
responsible for tmexpected marker behaviour described above, 
primarily results from the failure of the product layer to follow ; 
the shrinking core. The vacant sites created at the reactant- 
product interface due to passage of the reactant ions into the 
product lattice (both to interstices and vacant sites) leads to 
shrinkage of the reactant volume. Volume shrinkage, however, I 

will not occur if all the vacant sites, created at the interface, 
diffuse into the reactant core and foim voids, illthou^ void 
formation has been reported in several studies^ , its extent 
has always been insufficient to compensate for the loss of the i 
reactant ions. Plastic deformation of the product layer, therefore' 
is necessary to ma,intain contact between the reactant and the 
product. But, the required plastic deformation becomes increa- 
singly difficult with increase in the product layer thickness. 

At some critical thickness product layer may detach itself from 
the unreacted core. - 

Meussner end Birchenall"^^ pointed out yet another 
reason for positioning of the marker within the product layer. 

They proposed that markers may be displaced from their expected 
position due to an undercutting action. If markers are too 
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large 5 they obstruct the diffusional flow of the migrating ions 
and thus may be bypassed. 

In view of the possibility of misinterpretation of the 
inert marker experiments , use of isotopes, which themselves are 
components of the product phase, has been suggested, ^ This 
should obviously be a better t echnique ^particularly, when Isotopes 
of both the solid and gaseous reactant are used together, due to 
the possibility of cross checking. Such experiments have been 
reported in the literature. ^ The usual limitation in such 
work, however, is the nonavailability of suitable isotopes. 

2.4 Phase boundary reactions 

Mechanistic analysis of phase boimdary controlled 
reactions involved in the heterogene oiis solid-gas systems is 
hindered to a large extent by its dependence on solid character- 
istics. It has been confirmed in connection with a large number 
of solid-gas reactions that reactivity of a solid compound is 
greatly influenced by its history. In fact o'Ur inability to 
characterise the various solid properties that affects solid 
reactivity is the central stumbling block in comprehending solid- 
gas reaction kinetics. Presence of multiplicity of phenomena 
constituting the overall phase boundary process further 
complicates the situation. 

A phase boundary reaction includes steps such as 
adsorption, product foming reaction and its intermediates, 
nucleation rnd growth. Besides, transfer of ions from the 
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reactant to the product phase, change in charge of the ions 
upon transfer into the neighbouring phase (for multi layered 
product) also fom part of the overall phase boundary process. 

Results reported in the literature, however, are not 
amenable to interpretation in terms of the ion transfer across 
the phase interfaces and most attempts to explain phase boxmdary 
reactions are based on adsorption, surface reaction, nucleation 
and growth. In the initial stages of the reaction, particularly 
for those at low temperatures, the role of adsorption, 
n^icleation and growth in determining the reaction rate is widely 
recognised, although their detailed mechanisms are still a 
matter of conjecture. On the basis of some recent experimental 
evidence, it has been shown that a two dimensional chemisorbed 
layer' forms prior to the formation of the three dimensional 
product layer. The two dimensional layer was found to bear 
a definite relQ,tionship with the substrate. As regards the 
growth of the nucleii, surface diffusion is believed to be the 
primary mechanism, No definite view, however, is available on 
such important matters as the dependence of the. growth rate on 
crystal orientation and structure, epitaxial relation between 
the nuclii and the substrate etc. 

In high temperature reactions on the contrary, 
adsorption and nucleation-growth controlled stages usually remain 
undetected as they are too fast at this condition. Accordingly, 
the probability of adsorption or nucleation and growth control 
IS much less in this case, although not impossible. For example. 
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adsorption might control a reaction at higb temperatures and 
at low gas pressures due to considerable decrease in the number 

8 6 

of impinging gas molecules on the solid surface. Hussey et al. 
suggested this as the rate controlling step for the formation 
of magnetite at low pressiires and hi^h temperatures. Sucleation 
and growth control was also suggested for hi^ temperature 

on 

reaction even after formation of a continuous product film. 

The adsorption step pla^s an important role even when 

00«»QT_ 

not explicitly rate controlling. A number of kinetic studies 
on phase boundary control suggest establishment of adsorption 
equilibrium at the reaction interface and this explains the 

Q2_qc 

pressure dependence of the reaction rate. A nxmiber of models" 
have been proposed based upon the nature of the adsorption species 
(dissociated or not) and the subsequent slow step controlling the 
reaction. All these models usually employ Langmuir's approach 
to determine the time invariant concentration of the adsorbed 
species on the reaction interface. Validity of these models, 
however, ai’e hard to check owing to the limited or nonexistent 
information on the nature of adsorbed species. Thus, the 
applicability of various models is understood mainly In terms 
of observed pressure dependence. 
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GHAPTIR 3 
ESPERIKBNTIL 

3.1 Introduction , 

All pertinent informations regarding the experiments 
conducted in the course of the present study have been presented ^ 
in this chapter. The general precautions and. techniques for 
handling reactive systems such as the present ones are discussed ^ 
in Section 3»2. The subsequent sections contain detailed ( 

information regarding actual experimentation. Sections 3.3 to 
deal with material preparation, kinetic measurement, measurement t 

of tetrachloride partial pressures and densities of the solids, i 

, j 

3.2 General principle [ 

I 

Experimental studies involving zirconium and hafnium 
tetrachloride vapours require attention to two main factors* 
namely, volatility and reactivity of these tetrachlorides. These 
tetrachlorides readily react with moisture to form cxychloride 
and hydrogen chloi’ide. The reaction may be written as 

Zr(Hf)Cl^ + H^O = Zr(Hf)0Cl2 + 2 EC 1 [3.1] 

The oxychlorides may further transform to form oxides. Various 
l^drated oxychlorides may also form in the presence of moisture . 
All handling operations of the tetrachlorides, therefore, are to 
be carried out within a dry box to avoid contact with moisture 


and air. 
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Ihe other property, i.e, volatility, of the tetrachlorides 
appreciably cuts down experimental flexibilit5r. The tetrachlorides 
are solid compounds with high vapour pressure. However, vapour 
pressure at room temperature is rather low and the solid tetra- 
chlorides are to be heated to generate necessary gas pressure. 

In order to attain a pressure of about one atmosphere, the solid 
zirconium tetrachloride needs heating to about 334^^0 . Temperature 
required to attain similar pressure for the hafniim tetrachloride 
is about 315*^0. However, juBt heating the bulb containing the 
tetrachloride to a predetermined temperature is not 

sufficient to ensiire a pressure. To avoid condensation and hence 
to maintain a steady gas pressure all other portions of the 
apparatus require heating to temperatures higher than that of 
the bulb producing the vapour. The vapour pressure is necessarily 
defined by the lowest temperature in the system. Heating of 
the entire system poses several' problems from the experimental 
point of view. Clearly, open systems can not be used. Also 
since required temperatures are rather high, it is not possible 
to use such gas controlling devices as stop cocks. Most metal 
vaHves are also not usable due to corrosive nature of the gases. 

Another important feature that needs attention is 
removal of hydrogen chloride and other adsorbed gases from the 
tetrachlorides. It is very difficult to completely avoid 
moisture absorption during material handling. Removal of the 
hydrogen chloride thus formed as well as other adsorbed gases 
is an absolute necessity for closed cell experimentation. 
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Residual gases, "besides causing uncertain! ty in gas pressure, 
may even lead to explosion. Thus, the gases should be removed 
by prolonged heating of the tetrachloride under ve.cuuin. 

3.5 Material preparation 

All aspects of material preparationhave been discussed 
in this section. Preparation of the solid reactant as well as 
the tetrachloride solids ^ich pro'']uce the reacting gas have 
been discussed in Sections 3 * 3*1 and 3 . 3 * 2 , respectively. 

3.3.1 Preparation of sodium chloride samples 

Sodium chloride samples used in the present investigation 
were in the form of spheres and cylinders. While spheres of 
various sizes were employed for thermogravimetric experiments, 
the cylindrical specimens with thin quartz fibres attached on 
to the surface were used for marker experiments. Both types of 
samples were prepjared by casting molten sodium chloride in hot 
stainless steel split moulds. The moulds are shown in Pig. 5 . 

The procedure for casting samples are as follows, 
a. Making of the spheres 

inhydrous analytical reagent grade sodium chloride 
was melted in qua,rtz crucibles by flame heating. Prior to 
poxn:*ing, the stainless steel mould was held inside a small furnace 
and heated to about 500 °C. Spheres of nominal diameter 6 . 6 , 

9.2 and 12.2 mm were produced using this technique. The spheres 
were of approximately \ 3 niform porosity. Prom cast to cast the 
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sphere diameter fluctuated to within + 0.C-'5 die while overall 
porosity varied from 8-12 per cent. The pores, however, were found 
to he nonuniformly distributed i concentration being some-sdiat 
higher in the central regions. The distribution, however, was 
not too sharp. 

b. Preparation of the marker specimens 

The cylindrical marken specimens were produced by 
casting in hot stainless steel split mould shown in Pig. 5b. 

The thin fibres of quarts of approximate diameter 0.5 mm served 
as marker. Olie fibres were attached to the cylindrical surface 
by inserting them along the periphery of the mould prior to 
casting. Top and bottom plate of the four piece mould shown in 
Pig. 5b were designed to hold the fibres along the cylindrical 
mould STrrface . The markers were inserted into the mould through 
small holes made in the top plate. Shallow closed end holes 
made in the corresponding position in the bottom plate held the 
markers in position. Molten sodium chloride was poured through 
a central hole made in the top plate. 

3.5.2 Production and purification of 'the tetrachlorides 

The nuclear grade zirconium tetrachloride used in this 
work >ras supplied by Nuclear Puel Complex, Hyderabad. Hafnium 
tetrachloride used, however, was produced from pure oxides 
obtained from Bhaba Atomic Research Centre, Trombay. The 
hafnium oxide used, however, was not much pure. Zir coni xma 
content of the supplied Hf02 was about 5 per cent. Tetrachlorides 
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ci both. zirconiuHi and hafniim were purified before use. 
Purification was done by vacuum distillation. In all experiments 
double distilled tetrachloride was used. 

a. Production of hafnium tetrachloride 

Hafnium tetrachloride was produced by reduction 
chlorination of the oxide. Carbon was used as the reducing agent. 
Chlorination was carried out by passing preheated a.nhydrous 
chlorine through a packed bed of oxide pellets kept in a furnace 
at about 700°C. Ihe pellet mixture contained about 15 per cent 
carbon, 4 per cent dextrene (binder), 3 per cent wa.ter and rest 
hafnium oxide. The packed bed of pellets was preceded by a bed 
of carbon„which acted as a, getter for possible traces of oxygen ‘ 
in the incoming chlorine . L sketch of the apparatus is shown 
in Pig. 6. Prior to starting the chlorine flow, the entire set 
up was flushed with argon for about 5-6 hours to remove traces 
of moisture present in the apparatus and the pellets. Chlorine 
gas was introduced after moisture elimination. The tetrachloride 
vapours produced along with oxides of carbon and unreacted 
chlorine were led to a water cooled condenser through a separately 
heated connecting tube. The uncondensed gases were allowed to 
escape through bubbler containing dibutyl pthdlate as bubbler 
liquid. After sufficient tetrachloride has been collected, the 
condenser was detached from the rest of the apparatus by fusing 
the constrictions at its inlet and outlet. 

b. Distillation of tetrachlorides 

The distilling apparatus consisted of a long one end 
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closed pyrex tube attached to a vacuum line, ifter introducing 
the tetrachloride in the distilling tube, the system was 
thoroughly evacuated at about 16C°0 for several hours to remove 
the gases and then sealed. The closed end of the tube, containii 
the solid tetrachloride was then heated to about 325^0- The 
vapours produced condensed at the cooler end of the tube, 
separated by a thick lump of glass wool. The tube was then 
broken inside a dry box and distillate redistilled once more. 

3.4 Kinetic measurement: apparatus and procedure • 

Figure 7 shows the all glass apparatus for kinetic 
experiments. The set up consisted of a vertical reaction chamber i 
connected to a gas generating bulb containing the solid tetra- ' 

I 

chlorides (ZrCl^, HfCl^ or a mixture of them). 'The sodium | 

chloride sphere was suspended from a calibrated quartz suspension < 
string into the constant temperature zone of the reaction chamber., 
The basket containing the sodium chloride ball was also made of 
quartz. A separately heated connecting tube led the vapours from 
the heated bulb into the reaction chamber. As shown in the 
figure, the tetrachloride filled bulb was kept enclosed in an 
aluminium block placed in the hot zone of a horizontal trolley 
furnace. With this arrangement the temperature of the bulb 
could be controlled to within + 1-C, while the reaction zone 
temperature could be controlled to within + 2°C. The bulb 
temperature was measured by placing a calibrated thermocouple in 
the well made at the closed end -of the bulb, as shown in the 
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figure. The therEocouple for measuring reaction zone temperature 
was tied with the reaction vessel with its tip near the reaction 
zone . 

The vapour pressure of the tetrachloride gas was 

96 

calculated using- published thermodynamic data. The temper- 
ature-vapour pressure relation is given by the following 
expressions 

zirconium tetrachloride: 

log + 11.766 (480-689%) [3.2] 

hafnium tetrachloride: 

log P^ = - 51^ + 11.712 (476-681%) [3.3] 

The temperature fluctuation (+ 1°C) in the btilb results in 
pressure fluctuation of about + 25 mm for both zirconium and 
hafnium tetrachloride at pressure of 745 mm of Hg. Partial 
presstire of the reacting gases for mixed tetrachloride reaction, 
however, -was measured separately and is described in the next 
section. 

In order to avoid condensation and thus to ascertain 
validity of the calculated vapour pressure , it was necessary to 
heat all portions of the set up to temperatures hi^er than -that 
of the gas genera.ting bulb. This -s^as done by carefully measiiring 
the temperature distribution along the entire set up including 
the pto^tio^is within the furnace. Depending upon the requirement, 
resistance coils -were rewound or auxiliary heaters attached. 



To set the apparatus the calibrated quartz spring loaded 
with the reactant sphere was suspended from a cap with a hook. 
The cap had a' constricted outlet which cotild be attached to the 
vacuxim line. Constriction was provided to seal the set up after 
evacuation. The cap was joined to the top vertical portion of 
the set up by fusing. The top part which enclosed the spring 
was heated by a separate slip-on heater. The high temperature 
spring constant was found 4 to 4.25 per cent higher than the 
room temperature , The exact value was determined for every 
run. All weight gain measurements were computed from the 
measured hi^ temperature spring constant. After insertion of 
the spring and the sodium chloride ball, the temperature of the 
reaction chamber was raised to actual reaction temperatxrre and 
evacuated for about 24 hours for removal of traces of adsorbed 
moisture. The tetrachloride already filled in a bulb inside the 
dry box was then joined to the system in the miniraum possible 
time and the assembly put imder vacuum. The sliding fijrnace 
ali’eady heated to about 160°C was next pushed over the bulb. 

The hot evacuation to remove adsorbed gases was continued for 
an additional period of about 2-3 b.ours. Finally the system 
was vacuum sealed from the top. 

The apparatus was now ready for a kinetic run. The 
tetrachloride temperature was brought €o the desired level as 
quickly as possible. The required time varied between 45 to 
60 minutes during which a small weight gain could be observed . 
The reaction time for the initial period of uncertainity was 
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subsequently deternined by back extrapolating the experimental 
deta. Weight change' was recorded by measuring the change in 
spring length viewed through a narrow slit in the refractory casing 
that surrounded the spring region of the apparatus. 

3.5 Measiorenent of tetrachloride partial pressure 

It was necessary to directly measure the partial 
pressure of the gas for kinetic experiments involving mixtures cf 
the two tetrachloride vapours , since the solid tetrachlorides 
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producing them form solid solution. Niselson"^ had earlier 
studied the system ZrCl^-HfCl^ and showed complete solubility of 
the tetrachlorides. However, nature of the solution is not 
known. 

The partial pressures of zirconium and hafnium 
tetrachloride at a particular solid composition were determined 
by two separate experiments. The experiments involved meas'urement 
of total gas pressure and estimation of gas composition by 
chemical analysis of the condensed vapours. 

for kinetic as well as pressure measuring runs involving 
gas mixture, a standard arbitrary mixt\ire of the solid tetra- 
chloride (approximately 75 per cent SrCl^ and 25 per cent HfCl^, 
volume basis) was prepared. The mixture was heated in a sealed 
vessel whose free space was packed with glass wool to the 
maximum extent. The solution forming heating was done in stages . 
The stage-heating at low temperatures (180-220®C), ^ere 
individual gas pressures were somewhat low (5-10 ima of ;Hg)|=t^Ss 
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necessary to avoid composition fluctuation due to the condensation 
of vapours in relatively cooler portions. Solution formation at 
lower temperature with minimum possible free space p:resuEably 
reduces this effect. Ihe heating was continued for about ten 
days. The entire operation was repeated after remixing the 
once heated mixture inside a dry box. The standard mixture thus 
prepared were used for all subsequent experiments i.e. total 
pressure measurement, gas phase composition determination and 
kjnetic experiments. 

3.5.1 Total pressure measurement 

The apipiaratus used for total pressure measurement is 
shown in Fig. 8 . A bulb similar to that used for earlier 
kinetic experiments, contained the tetrachloride mixture prepared 
earlier. A quartz U-tube filled with liquid tin wa.s coupled 
to a mercury manometer to measure pressure. One limb of the 
U-tube was connected to the gas generating bulb and the other 
to a vacuum /gas line and the mercury manometer. To read the 
vapour pressure of the tetrachloride mixture, liquid tin levels 
in the two limbs of the tin U-tube were brought to the same 
height by carefully introducing argon or applying partial 
evrcuation on the mercury manometer side. The tetrachloride 
pressure coiild now be read directly from the mercury manometer. 

To start a run, the tin U-tube was kept filled with 
pure vacuum east tin chips and joined to the tetrachloride 
mix bure filled bulb . Immediately after attaching the bulb, the 
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trolley furnace, already heated to about 160°C, was slowly 
pushed over the bulb and evacuation started. At the end of 
evacuation for about 3 hours, tin chips were melted. 'Ihe 
liquid tin column now separated tetrachloride side from the 
rest of the appara.tus . A positive pressure was now applied 
by introducing argon on the mercury manometer side and a 
pressure difference between the two limbs of the tin filled 
U-tube established. The bottom pSiXt of the U-tube (bent 
portion) was now frozen. The tin column above this which 
remained liquid provided the gas-tight seal. ‘The bulb tenxjer- 
ature was now raised to the desired level. After stabilisation 
of the bulb temperature, the frozen tin was remelted and 
vapoiir pressure read from the mercury manometer by bringiixg 
molten tin levels to same height. The measured pressure 
remained almost constant for long period ( hp: 6 hours) and was 
reproducible. 

3.5.2 Sample -collecting apparatus for the measurement of 
gas phase composition ^ 

The apparatus used for this purpose was similar to 
that used for tot 8,1 pressure measurement and is shown in 
Fig. 9. In this the U-tube containing liqiiid tin was 
replaced by a liquid tin filled quartz bubbler and a condenser. 
The bubbler had separate heaters for heating separately the 
bottom and top regions. In this case also, tin was introduced 
in the form of chips and melted only after hot evacuation of 
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the tetrachloride hiilh was complete. After melting, as be fore y 
pressure was applied from the tin manometer side to raise 
molten tin colmn in the inner bubbler tube, The bottom heater, 
was then switched off to freeze the bottom portion of tin in 
the bubbler while tin in contact with tetrachloride Tapour 
stayed molten. Bulb temperatiire was now raised to the desired 
level and a pressure just few millimeters less than the already 
known total pressure of the tetrachloride mixture at this 
temperature established on mercury manometer side. Slowly^ the 
frozen tin was melted. Sli^t excess pressure of the tetra- 
chloride vapours allowed the gas to bubble through liquid tin. 

The vapours released were collected in the condenser, yapours 
were collected only intermittently to avoid change in composition 
of the gas that came out. These two precautions i.e., inter- 
mittent collection and maintenance of small pressure difference 
between the two sides of the tin bubbler- are necessary, since 
release of gas disturbs equilibrium in the tetrachloride bulb. 

The collected solid tetrachloride mixture was subsequently 
chemically analysed for hafnium content. 

The samples for chemical analysis were prepared in 
the following way. The total condensate was first dissolved 
in distilled water* imimonium hydroxide was then added to the 
aqueous solution to precipitate out dissolved zirconium and 
hafnium in the form of hydroxides. 'The precipitate was now 
filtered, dried and fired at 900 °C for about 4 hours. The 
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oxide sample thus obtained was chemically analysed, by the method 
of neutron activation analysis.*^ 

3.6 Measureraent of densities of reactants and products 

The densities of the sodium chloride spheres used were 
determined from the measurement of their weight and diameter. The 
densities of the reaction products'sfsre measured using glass 
picknometer. Pure, ortho -xylene was used as the fluid. iHl the 
density data reported in the next chapter pertain to room 
temperature ( c::^34'^C). 


!p The neutron activation analysis was carried out by Bhaba 
Atomic Research Centre, Trombay. 
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CHAPTBR 4 

- SXPERIMIIIAL RISULTS IIJD DISCUSSION - I 
HSAGIIONS ITOIYING IKDIVIDlIAl GASES 

4.1 Introduction 

The experimental results and discussion on the kinetics 
of formation of sodium hexachloro zirconate and sodium hexachlorq 
hafnate are the subject matter of this chapter. Here formation 
of only the individual compounds are discussed. Simultaneous 
lormation of both zirconate and hafnate is discussed in the next ^ 
chapter. i 

The experimental results presented in Section 4.2 to [ 
h.4 include density valiies, kinetic data and results of marker i 
studies. Most data are presented graphically. The basic experi-' 
mental data may be obtained from relevant Tables in Appendix I. 

The kinetic data are analysed in terms of possible reaction | 

mechanisms and kinetic models in Sections 4.5 to 4.7* 

4.2 Swelling parameter, reactant and product density | 

I 

! 

Calculated values of the swelling parameter and the ! 

tensity values used in the calculation are shown in Table III. | 
The calculation I'ra.s made using the expression given in Bq. [2.6]. : 
Average of the meas'ured density values were used for the purpose, j 
X or the sake of accuracy, average density of the reacted sodium : 
chloride layers rather than that of the spheres as a whole has 



lable III. Swelling parameters and density -values. 


Average density 
^ /cc 

Swelling 

parameter, Z 

Reacted ITaCl FapZrClg 
layer ° 

FapHfClg 

Formation of 

Formation of 

‘ KapZrClg 

NapHfGlg 

2.107 2.43 

3.06 I 

j 

2.595 

2.571 


been used. Density of the outer sodium chloride layer, which 
reacted, could be estimated from the dimension and weight of the 
residual spherical core. Dimension and weight of this residual 
sphere co-uld be directly measured after stripping the product 
layer. Since, the hezachloro reaction products (both hafni-um 
and zirccniiam) were extremely fragile at room temperature and 
became even more so on storage, the product layer could be 
readily stripped from the unreacted core. 

4.3 Results of the kinetic measurements 

The kinetic data on the foimation of hezachloro compourds 
of zirconium and hafnium were obtained from thermogravimetric 
experiments conducted under various reaction conditions. The 
effects of vario-us reaction parameters on the rate of formation 
of the hezachloro compotmds are presented in Figs. 10 to 15. 

The time-conversion plots for the formation of sodium 
hezachloro zirconate and hafnate showing the influence of sphere 
size, are depicted in Figs. 10 and 11, respectively. The nominal 












Temperatures 450:2®C 
Pressure = ,945 1 32mm,H 


phere S!zeCradius),mnn 
o 3-236 
^ 4-607 
D 6-058' ■ 


*;ECT 0,F SPHERE SIZE ON THE RATE OE' 
SdOiyW HEXACHLORO HAFNATE ' ' ■ ' 


FORMA' 


62 


diameters of the spheres used in these runs were 6.6, 9-2 and 
12.2 mm. The figures show that the rate of reaction increases 
rapidly with decreasir^ sphere size. 

Figures 12 and 13 > respectively y show the effect of 
the vapour pressure of zirconium and hafnium tetrachlorides on 
the formation of corresponding sodiimi hexachloro compounds. 

The rate enhancing influence of the gas pressure is evident from 
"both the figures. 

As expected, the reaction temperature also had similar 
influence on the reaction rate. The rate of formation of both 
the zirconium and hafniira compouads increased with temperature. 
Figures 14 and 15 show the time -conversion plots for the 
formation of zirconate and hafnata , respectively. 

[ 

It is to he noted that in most cases reactions have ; 

not been carried out to very high percentages. Various experi- 
mental difficulties arising out of the slow nature of the I 

reactions, prevented conduction of reactions upto very high ! 

extents. Reactions were so slow that even under favourable kinetd 

conditions, conversion of 50 per cent of the reactant solid to 1 

' ■ ... ■ , : i 

hexachloro zirconate took about 120 hours (at 745 mm, Hg and 
450.5 C). The time needed to attain similar conversion for the ; 
hafnium reaction was even more. For the same reason, composite 
rxnas were taken in which step changes in the reaction condition 
were introduced in a continuing run. The kinks in some of 
the conversion-time plots as well as corresponding model fitting 
plots are due to the adoption of this procedure of step change 















Fraction reacted, F 





Sphere size (radius) = 6- C7- O'OSmm 
Temperature = 45 0 1 











nHHHlBi 











67 


in the reaction condition. The rate constant calculated from 
the second part of such a rtm remains true representative of 
the reaction under the changed condition provided the reaction 
mechanism is not a function of the extent of reaction. That t 
the reaction mechanism did not change with conversion was 
verified from the excellent fit of the kinetic data to the 
Garter '^^-Valensi'^^ model for conversion as high e.s 90 per cent 
(Tigs. 18 and 19' » to he discussed). Moreover, when an experimej 
conducted with a new sodium chloride sample was repeated after 
effecting step change in a continuing run to same pressure and : 
temperature condition, nearly identical rate constant value was : 
obtained. This further confirms the vr.lidity of the composite 
runs in the present systems. ; 

4.4 Marker results 

Tigs. 16 and 17 show macro photographs of two reacted 
marker specimens. The photographs show the sharp interface 
between the product layer and the iinreacted core. The black dots 
around the unreacted core-product interface are heads of the 
inert quartz markers. 

Although the markers stayed embedded within the product 
layer, they were fotind to be displaced from their original 
positions. In the case of reaction of sodium chloride with the 
vapour of zirconium tetrachloride as shown in Tig. 16 , the 
average marker movement recorded was 0.75 am. The experimental 
conditions were 450°C, 257 mm. Hg and 174.5 hours reaction time. 
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Reaction conditions; 

Temperature = 450. 

Gas pressure = 939 mm, Hg 

Time of reaction = 109-5 Ri* 

Fig. 17 Macro-photograph of partially reacted marke 
specimen (reaction with hafnium tetrachlori 
ir8.poTxr}| Magnification - 3-5 (approx.) 
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The markers were found to have moved towards the sodixm chloride 
core. In the case of reaction with hafnium tetrachloride also, 
the markers moved in the same direction. The average inward 
marker movement for reaction at 450,5^0 and 959 nun pressure and 
for 109.5 hours of reaction was 0,42 mm. The direction of the 
marker movement indicates that, in all likelihood, the matter 
transport occurs from the inner reactant-product interface to 
outer gas-solid interface hy lattice diffusion mechanism. 

4.5 line tic models 


In view of the sharp reaction interface shown in Figs. 

16 and 1? for the formation of Na^ZrCl^ and ]fa 2 HfGlg, respective! 
only those reaction models which are specific to this situation 
were tested against the conversion-time data. Tigs. 18 and 19 
show rate curves plotted according to several single step 
controlled rate equations for the zirconitua and hafnitim runs, 
respectively. In order to obtain an unambiguous discrimination, 
the models were tested against data from those runs which were 
carried to about 90 per cent reaction. The different rate 
equations tested are listed below. 


lhase boundary control^®: 1 - = E^t 

Product phase transport control: 

dander’s equation^® [l - = E.t 

Grank^^-Ginstling and Brounshtein^^ equation 


1 - I F - (1-T)^/^ 


E , t 
cgb 


[4.1] 

[4.2] 


[4.3] 






M^MI 






[ 4.43 


Garter^^-Valensi''^'*^ equation 

z - [1 + (z-i)f3^/^ - (z-i)(i-f)2/^ 

^ 2 ^ 2 - 1 ) 

4 ^ 44 

The figxires show excellent fit only to Carter ■^-Valensi product 

phase transport control model, Hiase boundary control rate 

equations as well as other transport control rate expressions 

failed to represent the rate data over the full range. 

Of sj^cial significance is the failure of the phase 

boundary reaction controlled rate equation almost ri^t from 

the start of the reaction. This may be contrasted with the 

experiences in the case of reactions resulting in porous product 

layer. For these cases, it has been stated in several recent 
40 42 

publications * that the rate data pertaining to product phase 
transport or mixed control case may follow the pattern predicted 
by chemical reaction control till a fairly hi^ percentage of 
reaction is completed. In our system this phenomenon is almost 
totally absent. This may be seen in the context of mtich slower 
solid state diffusion that prevails in the present systems. On 
the contrary for reaction systems with porous reaction products, 
where much faster gaseous diffusion prevails, comparability of 
gaseous diffxision and rate of chemical reaction presumably leads 
to confusion regarding broad controlling mechanism. 

Of further importance in the present systems is the 

45 

failure of all transport controlled models except the Carter - 
Valensi'^^ model, wnich. for both hafnium and zirconium hexachloro 
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compomid formation, could be fitted to the experimental data 

OTer almost the complete range of reaction. Transport control 

45 46 

models due to Crank -Ginstling and Brounshtein as well as 

Jander^ failed to conform to the reaction behaviour even during 

the early stages. This is quite expected, since, xmlike Carter- 

Valensi model, the models due to Jander, Grank-Ginstling and 

Brotinshtein were derived on the assumption of constant sphere 

47 

Size, which is invalid in the present case. Barlier, Carter ‘ 
had pointed out the prominent role of swelling in determining the 
reaction pattern, €Specially if Z value exceeds 2. It may be seen 
that the performance of the dander’s model is poorer compared to 
that due to Crank — Gins t ling and Broxmshtein, This is because 
of the additional assumption made in dander’s model regarding 
area of product— reactant interface, dander assumed reactant- 
product interface area also to remain constant. This assxjmption, 
thcu^ is approximately valid in the initial stages of the 
reaction, particularly for reactions involving large spheres, is 
not generally true for reactions in spherical geometry. 

All the experimental data for the formation of 
and Ha^HfClg are plotted in Pigs. 20 to 25 according to the 
Carter-Yalensi rate expression. These figures also show the 
effect of variations in the different reaction, parameters on 
the slopes of the plots. Consistently good fit to the Carter- 
Valensi rate expression was obtained in all the plots. Carter- 
Valensi rate constant, which ±s given by the slope of these plots, 
is expressed as 
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!I!he rate constants so obtained are used in further kinetic 
analysis. Ihe values of the rate constants obtained by least 
sqiiares fit to the reaction data are given in Tables I¥ and V. 

A major advantage of fitting the kinetic data to "the reaction 
model is that the specific rate constant , can be , used for 

evaliiation of the effect of reaction parameters on a consistent 
basis which is explicitly independent of the extent of reaction 
or the reaction time. 

It is to be noted that the Carter-Valensi equation was 
originally derived for matter transport from the outer solid-gas 
interface to the inner product-reactant interface. On the other 
hand, there is sufficient indication to show that in both systems 
under investigation, matter transport occurred in the opposite 
direction. This, however, does not affect the applicability of 
the Carter-Valensi equation, since the same mass flux equation 
applies to transport in either direction. That this inds^' ie 
the case is shown in Section 5.6 by rederiving the Carter-Valensi 
rate equation using vacancy fl\ix. In Section 4.7> it is discussed 
that the product phase transport in the present systems involves 
simultaneous migration of vacancies towards the unreacted core . 

K 

Thus the surface concentration C^° and diffusivity in Bq. [4.5j 
refer to the slowest moving vacancy migrating inwards. 
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Table IV. Carter-Valensi rate constants for the formation of 
ira2ZrClg 


Effect of 

1 

! 

{Sphere size 
1 ( radius ) 

; R mm 

f U ' 

f - - 

t “ ' f 

f 1 

{Temperature 

1 1 

I ^ 1' 

1 & c 1 

I . 1 

.1 - t 

Pressure 

^ZrCl^ 

I 

{Rate constant 

• 4 -1 

{K^^xlO^, hr 

- 1 ... - - 


6.041 

450.0 

257 

1.757 


6.089 

451.0 

581 

2.158 

Pressure 

6.089 

451.0 

520 

2.650 


6.078 

450.5 

745 

2.968 


6.087 

450.5 

1015 

5.560 


6.078 

425.0 

745 

2.575 


6.078 

450.5 

745 

2.968 

Temperature 

6.075 

475.5 

755 

5.456 


6.089 

500.0 

754 

4.051 


5.505 

450.0 

759 

9.575 

4.614 

451.0 

755 

5.027 

6.078 

450.5 

745 

2.968 


Sphere size 
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Table ¥. Carte r-¥a.lensi rate conctants for the formation of 


NagHfClg 


Effect of 

1 

f 

{Sphere size 

{ ( radius ) 

{ S mm 
t o 

- -1 - 

I 1 

f I 

{Temperature! Pressiare 
* o ’^HfGl 

I t 

1 ^ 

1 

1 

{Hate constant 

Hg.' 4 _1 

{K^^xlO^, hr 

t 


6.085 

450.5 

367 

1.145 


6.090 

450.0 

510 

1.337 

Pressure 

6.059 

450.5 

752 

1.622 


6.085 

450.5 

819 

1.668 


6.059 

450.5 

939 

1.788 


6.058 

451.0 

945 

1.804 


6.075 

426.5 

933 

1.204 


6.058 

451.0 

945 

1.804 

Temperature 

6.059 

450.5 

939 

1 .788 


6.044 

475.0 

,954 

2.431 


6.044 

500.0 

954 

2.713 


3.236 

450.5 

963 

7.043 

Sphere size 

4.607 

450.5 

939 

3.223 


6.059 

450.5 

939 

1.788 


6.058 

451.0 

945 

1.804 
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4.6 Effect of reaction parameters on kinetics of reaction 

4.6.1 Effect of sphere size 

I*igs. 26 and 21 show the effect of the size of the 
sodittm chloride sphere on the rate constant. The computed 
slope values 1.92 and 2.12 for the zirconium and the hafnium 
cases, respectively, compares well with the value of 2 expected 
from Eq. [4.5]. These results are, therefore, consistent with 
the Carter-Yalensi model. 

4.6.2 Effect of temperature 

The effect of temperature on the specific rate constant 

is shown in Pigs. 28 and 29, ^ere Arrhenius type of equation 

relating the rate constant to the tempera tirre of reaction is 

plotted. In the case of the formation of hexachloro compound 

of hafnium, shown in Pig. 29, the overall plot shows a distinct 

deviation from linearity. Apart from the failure of the 

Arrhenius equation, the deviation may be attributed to various 

polymorphic transformations of the reaction product in the 

temperature range studied. The phase diagram of the NaGl-HfGl^ 

5 

system reproduced in Pig. 2 ,show polymorphic transformations 
of Na2HfClg at 584°, 440^' and 484°C; these being a— ♦-p, p — 
and y— >6, respectively. Stability range of the three polymorphic 
forms are also shown in Pig. 29. On the other hand, the 
zirconium compoimd does not show any transformation in the 
temperature intearval C 42 5-500°C) investigated in the present work. 
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However, Ha^ZrClg xmdergoes polsnaorphic transfonaation at 341 
and 377°C (cf. Pig. 1), which are well below the lowest temper- 
ature used. 

Prom the measured slope of the linear plot shown in 
Pig. 28, the temperature coefficient (apparent activation energy) 
of the ErCl^-NaCl reaction in the range 425-500°C was computed. 
Because of the nonlinearity, similar calculation for the HfGl^- 
KaCl reaction was possible only in the Y~Piia-se region i.e. in 
the temperature range 440 to 484°G. The temperature coefficients 
for the zirconium and the hafnium reactions in the temperature 
range stipulated above, were estimated to be 7.5 and 13 Iccal/mole , 
respectively. The reaction pressures in these two cases were 

QQ 

745 and 945 mm, Hg, respectively. Earlier, Luthra x:^ing the 
same experimental technique but at 1035 mm, Hg pressure obtained 
a value of 9.9 Ijnal/mole for the zirconium case in the same 
temperature range. The other investigation in the zirconium 
tetrachloride-sodium chloride system resulted in a value of 

12.3 Kcal/mole^^ in the temperature range 399 to 504°C and under 
600 mm, Hg pressure. This value, however, was obtained for a 
single crystal plate of sodium chloride in contrast to the 
polycrystallins solids used in tne Luthra 's^^ and the present 
work. Ho earlier work has been reported on the temperature 
effect for the hafnium system. 

4.6.3 Effect of pressure 

The effect of tetrachloride pressure on the rate of 
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formation of Ma^ZirCl.^ and Na^HfClg ,both at 4 50 are shovm in 
the log-log plot depicted in Figs. 50 and 31 j respectively. 

The straight line plot in both cases suggest a power relationship 
between the gas pressure and the rate constants. Empirically 
the pressure effect can be represented by ■ 

a [4.63 

where the pressure coefficient n, for zirconium and hafnium case, 

respectively, have values 1.98 and 2.13. Values of n were 

obtained from the slopes of the plots given in Figs. 30 and 31. 

Earlier Pint and Flengas^^ had studied the pressure effect for 

both zirconium and hafnium tetrachloride reactions. The 

zirconium reactions were reported to follow 1/2.8 power of 

the tetrachloride pressure at 485^0. For the same reaction at 

500°C luthra^^ found n to be equal to 2.4. These values may be 

compared to the present value of 1.98- 

For the reaction involving hafnium tetrachloride , 

however, pressiire coefficient at 485°C reported by Pint and 
35 

Flengas is much different than that obtained in our investi- 
gation. Ihile we found that n equals 2.13, Pint et. al. 
reported a value of 4.1. This discrepancy presumably arises from 
different polymorphic forms of the reaction product Na 2 HfGlg, 
encountered in the two investigations. Phase diagram of the 
system KaCl-HfCl^^ shows y — > 6 transformation at 484*^0 , It 
is to be noted that while in the present work pressure effect 
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Next it is necessary to ascertain whether the outwaM 
diffusion occurs hy interstitial or vacancy mechanism. In view 
of the nature of the pressure dependence of the reaction, it 
is more likely that the vacancy mechanism prevails for both the 
systems. Since , pressure effect on the rate constant is 
manifested through the concentration difference of the rate 
controlling species across the product layer, which in turn is 
dependent on gas pressure prevailing at the respective inter- 
faces, the nature of diffusion mechanism may be imderstood 
from the behaviour of the rate constant with the change in the 
gas pressttre. This may be explained with the help of a schematic 
representation of the concentration profile shown in Fig. 32. 

The dotted and the firm lines shown in the sketch, respectively, 


show concentration profiles of interstitials and vacancies under 
the condition of control by outward diffusion of matter. As 
diffusion through the product layer is rate determining, reactions 
at phase boundaries are rapid and thermodynamic equilibrium 
prevails at both the phase boimdaries (interface 1 and 2). The 
partial pressure of the reacting gas at interface 1 is equal 


to the equilibrium dissociation pressure of the product in 

contact with the solid reactant, p while that at interface 2 

§ 

• 2 

is equal to the ambient gas pressure, p . For diffusion to 
occur by interstitial mechanism concentration of the diffusing 


interstitial species, C^, should be higher at interface 1 i.e 
Gi ^ C. . Since, decomposition pressure, p , is less than 
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ambient gas pressiire, p this implies a higher interstitial 

g 

concentration in eqiiilibritlm with lower gas pressure as shown 
in the figure. Hius 




a 


~l/n 


■g 


[ 4 • 73 


where n == pressiire coefficient 
Situation reverses if vacancy mechanism operates. For outward 
diffusion of ions to occur by vacancy migration in the opposite 
direction, vacancy concentration at interface 2 need be higher. 
Again from similar arguement this essentially implies hi^er 
vacancy concentration at higher gas pressure i.e. 


C 


V 


a 



[4.8] 


Now rate constant for interstitial and vacancy case, respectively, 
may be expressed as 



K. 

X 

= qcci - af) 

[4.9] 

and 

E 

V 

= k;(o2 - 0^) 

[4.10] 


where Ef and represent appropriate proportionality 
Substituting for concentration terms in Sq. [4.9] and 


E. = 
1 


and 




, -1/n p -1/n 

q [(P^) - (p|) ] 

„ 1/n 1/n 

K? [(ph - (ph ] 


constants . 
[4.10] 

[4.11] 

[ 4 . 12 ] 



[4.13] 
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while becomes 

K 

V 



[4.14] 


It is thus eiTldeiit from Eq. [4.14] that when vacancy mechanism 

operates, rate constant would result in a positive pressure 

coefficient. On the other hand » if interstitial mechanism 

prevails, rate constant would remain independent of ambient 

gas pressure, since p^ which governs the rate constant depends 

S 

on reaction temperature orily. 

Observation on the variation of rate constant with 
gas pressure in the present case, is consistent with the 
formulation on va.cancy mechanism. Therefore, for both the 
hafnium and zirconium cases being studied presently, vacancy 
mechanism appears more probable. 


4 .8 Reaction mechanism 


Prom foregoing discussion the formation of both 
and Ha2HfClg appears to occ\ir by outward diffusion of 
ions by vacancy mechanism. The vacancies needed for matter 
transport are likely to be produced by a surface reaction 
involving the transported ions and tetrachloride vapours at the 
outer gas-solid interface. The transport of matter obviously 
involves both the cation and the anion comprising the solid 
reactant, sodium chloride, as both these species are constituents 
of reaction products Na^ZrCl^ and Ha^HfClg. Since equal moles 
of these two ions constitute the product lattice, the surface 
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reaction betweon the transported sodium and chlorine ions and 
the reacting tetrachloride vapour would generate equal numher 
of vacancies of both types. 

Fxarthermore , in view of the observed effect of pressxrre 

on temperature coefficient, it seems necessary to include the 

adsorption step that normally precedes a heterogeneous solid-gas 

reaction. It was stated earlier that the temperature coefficient 

for the zirconium reaction resulted in different values at 

different reaction pressures. The observed variation of the 

apparent activation energy with pressure, although small 

( :^13 per cent), perhaps does not arise simply from experimental 

errors. Such behaviour is expected when adsorption is one of 

the reaction steps, even if aAequilibrium state prevails. The 

temperature coefficient, which accommodates all the preceding 

equilibrium heat terms, may depend on pressxjre, since, the heat 

of adsorption term included in it is dependent on surface 
101 

heterogeneity. The surface sites are not equally reactive^ 
more active sites are covered at low gas pressure while lesser 
active sites start participating in the adsorption reaction with 
increase in gas pressure. Khalafalla et> al. have described 
the role of heat of adsorption in determining the true activa.tion 
energy for the reduction of iron oxides. Widely different values 
of the activation energy have been reported for the reduction 
reaction such as 

= Fe + GOg 


FeO + CO 


[ 4 . 15 ] 
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where the oxides reduced were in different fonns of subdivision. 

The discrepancy were shown to virtually disappear, when the heat 
of adsorption was duly accounted for. The role of adsorption 
has also been recognised for solid-gas reactions under phase 
boundary reaction control.^ For these cases pressure 

dependence of the reaction rate, coilLd be adequately explained 
by taking adsorption equilibrium into account. 

It is to be noted that of the two systems being 
considered here data for the zirconium tetrachloride case only 
is available to substantiate the role of adsorption. However, 
in view of the close similarity in the reaction behaviour of 
zirconium and hafnium tetrachlorides, inclusion of adsorption 
step in the case of hafnium reaction also, seems quite appropriate. 
In the light of the above discussion, the surface reaction may 
be formulated as below -■ 

XCl^ (gas) XCi^ (ads) [4.16] 

XCl^ (ads) Na2XClg + [4.17] 

Combining Eqs. [4.16] and [4.17] 

XGl^ (gas) ^ .Na^ZClg + [4.18] 

where, X stands for Zr and Hf. and respectively, 

represent singly charged sodium and chlorine ion vacancies. 
Assuming ideal behaviour for the vacancies, equilibrium constant 
for the overall vacancy generating reaction, Eq. [4.18] can be 


written as 
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K* = 
e 


K*Z’ 
s a 




Na 


f [V, 


Cl- 


[4.19] 


wher'e K‘, E’ and Ej represent, respectively, equilibriim 

G s. s 

constants for the ox^erall, adsorption and siirface reaction. It 
may be noted that in -writing the above equilibrium relation, 
concentration of adsorbed ECl^ is asstmed to be 

XGl^ (ads) = K^P [4.20] 

3q. [4.20] represents the limiting form of Langmuir's adsoi-ption 
isotherm -when E’P 4^ 1. 

The pressure dependence of the rate constant 
defined in Sq. [4.5], can now be axplained using the aforementioned 
defect equilibrium relation. However, since the defect structure 
of the product layer Ha^ZrClg as well as Ha2HfClg is not known, 
various possibilities are considered. The following possibilities 
exist. 


Case I Product layer contains Schottky defects i.e. and 


. Therefore , 


Y, ' = Y„^ 

Ka Cl 


From Eq. [4.19], 


■/4 


[4.21] 


Case II Product layer contains Frenkel defects with imperfec- 
tions in the sodium lattice i.e. and Ha.. Since, 

i.43. ■ 1 


lattice defects originally present are relatively more 
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product Scale. Formation of Cr^O^, as reported by Gaplan et 
al.^®^, may be cited as an example in this regard. Such 
irregularities would have been quite prominent in the present 
case in view of the large swellijag that accompanies tb.e 
formation of lfa 2 ZrClg and Ka^HfCl^. However, in none of the 
experimental runs these phenomena were observed. Hence, in the 
following discussion diffusional transport is considered to 
occiar only in the outward direction. 

Further evidence of outward lattice diffusion is 
obtainable from the consideration of change in the density of 
the residual core. Under outward diffusion control either by 
vacancy or interstitial mechanism, the vacant sites left at the 
product-reactant interface may diffuse into the residual core 
and form voids. Void formation, however, would not occtir if 
vacancies get annihilated in suitable vacancy sinks such as 
grain boundary, dislocation etc. In the present investigation, 
comparison of the original total pore volxjme of the sphere as 
a whole with the sum of the calculated pore volume in the 
unreacted core and the reacted layer showed a small but consistent 
increase at the end of the reaction. The increament varied 
between 0.01 to 0.3 pei* cent. Detailed calcination regarding 
this is shown in Appendix II. This small increase in porosity, 
however, is too small to affect the kinetic analysis presented 
before and may be considered an evidence in favour of occurrence 
of outward diffusion. 
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D ' 35 

was studied at 450 C (y-phase region), Pint and Flengas"^ 

conducted their experiments at 485°C (6-phase region). Kie 
dissimilar pressure dependence of the reaction rate in the two 
phase fields jSoemingiy is indicative of a change in the reaction 
mechanism with polymorphic transformation in the product phase. 

It is difficult to discuss the nature of such changes. This 
aspect is further emphasised by the changes in slope in the 
In K against l/I plot as shown in Fig. 29* From the figure, 
a sharp change in slope with polymorphic transformation appears 
a distinct possibility, as shown by the dotted lines. This, 
however, could not be adeqtiately confirmed due to lack of 
sufficient data, 

4.7 Diffusion mechanism 

In the preceding sections it was shown that the kinetics 
of both the reaction systems being studied are controlled by 
diffusion in the product layer. Analysis of the reaction model, 
although not conclusive, further indicated possibility of the 
operation of lattice diffusion mechanism as the mode of trans- 
portation in the product layer. ResxILts of the marker experiments 
seem to confirm thip. In both systems the inert markers attached 
to the surface of the solid reactants registered inx^ard movement 
when examined at the end of the reaction. This is a clear 
indication of lattice diffusion. However, the markers were found 
seated within the product layer nei,r the unreacted core boundary. 
Implications of such marker behaviour have been discussed in 
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Section 2.3.3. Accordingly, this might mean diffusion of 
reactant ions from the shrinking core to outer solid-gas interface 
(outward diffusion) or simultaneous outward and inward diffusion 
of ions. Of coiirse, ideally such a situation indicates matter 
transport in both directions. The former interpretation seems 
more appropriate in the present systems. Numerous instances' ~ 
are known where markers were found within the product layer 
although diffusion occurred only in the outward direction. 

Inspite of outward ionic diffusion markers may remain embedded 
in the product layer, if at certain stage of reaction, the 
reaction product partially looses its adherence to the shrinking 
core. Product layer may loose adherence to its substrate, if 
plastic deformation necessary to maintain firm reactant-product 
contact is prevented. Since, the ease with which reaction product 
undergoes plastic deformation is directly related to product 
layer thickness, partial detachment of the product layer appears 
quite possible in the present case , especially because an unusually 
high product layer thickness is produced due to excessive swelling 
associated with the formation of Na^ZrClg and Na^HfClg. 

Again, in view of the swelling, simultaneoiis inward 
and outward diffusion mechanism does not seem likely. This is 
because if diffusion occurs in both directions, the product 
forming reaction occurring within the product layer woizld be 
accompanied by very high stresses. This shotO-d ordinarily 
lead to nonunifom product formation exhibit^ ng nonuniform growth, 
blistering, wrinkling and even peeling or 


ichment of the 
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Case 

I 

K 

cv 

= S P (K'P)^/'^*, 

c ir e ^ 


or rate controlling 

[ 4 . 20 ] 




K' 1/2 




[4.26] 

Case 

II 


= EE (-^P) ; 

0 v' g-* * 


rate 

controlling 

Case 

III 

^cv 



rate 

controlling 

[4.27] 


It is seen thr.t the square root dependence of cn the reacting 
gas pressure, expected for hoth Case II and III, is in reasoriable 
agreement with experimentally observed pressure effect as shown 
in Figs. 30 and 31. These figures show that rate constant K 

C V 
“hll 

follows 1/1.98 and 1/2-.13 power of the tetrachloride pressure 
for the zirconium and the hafnium reaction, respectively. 

Although both Cass II and III explain the observed pressure 
effect, Case II seems more appropriate from the consideration of 
ionic size . Since , the chlorine ion is much bigger in size than 
the sodium ion, it is more probable that sodium ions would go to 
the interstices. Therefore, migration of Cl” ion va.ea.ncies 
formed in accordance with the scheme presented as Case II appears 
to be the rate controlling mechanism. Although the mechanism 
postulated above, explains pressure dependence observed in the 
present work, it fails to explain similar data obtained by 

Pint and Flengas.-^ It was mentioned earlier that Pint and 

i’ll ' 

Flongas found that the rate constant follows I/ 2.8 and 
1 / 4.1 power of the zirconium and the hafnium tetrachloride 
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pressure , resp .otively. The discrepancy in the case of hafnitm 

obviously is too wide to be attributed to experimental errors. 

Icr hafnium case , the discrepancy has already been shOT-nr. to 

possibly arise from the different polymorphic forms of the 

products encounterod in the two investigations (see Section 4.6.3)* 

bliile in the present case Y-Na 2 H.fGlg formed, i'int et al.’s 

experiment presumably dealt with c-Ha^HfClg. 

It is interesting to note that the observed change in 

the pressure dependence and, hence, reaction mechanism presumably 

due to the polymorphic transfomation of the reaction product, 

may imply transformation from Frenkel defect structure to Schottky 

defect structure i.e. shift from Case II to I. If that be the 

case, pressure effect observed by Pint and Flengas conforms to 

the basic reaction scheme postulated above through Eq, [4.18], 

35 

It is to be noted that Pint and Flengas also 

postulated a vacancy generating surface reaction. This was 

mentioned earlier in Section 1.4, The rea.ction was considered 

to occur in stops, involving formation of an intermediate, 

NaXClj-. In HaXGlr-, X stands for both zirconium and hafnium. 

5 5^ 

The reactions censiderod were 

XGl^- + ZCl^ (gas) 2[XCl"f+ xYq^ [4.28] 

and [ZCl~jP+ Cl“ XClg“ [4.29] 

In Eq,. [4.28], x was considered 1 for zirconitim case and 2 for 
hafnium case. Incorporation of such arbitrariness in the 
defect equation certainly is not justified and the repre sent o.t ion 
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f.bcTo se-oms is incomplete. However, there is trend aerc ement 
in the two postulations (i.e. present one and that due to Pint 

■zsz 

and Plcngas ) as far as diffusion mechanism is concerned. In 
both the postulates, migration of chlorine ion by vacancy 
mechanism is considered to be rate limiting. 

Equation [4.26] may be further used to evaluate 
temperature dependence of the reaction rate constant. On 
si7.bstitution of the appropriate Arrhenius relationship for I', 
K’ and K ‘ , Bq. [4.26] transforms to 

d 3 


GV 


K D 

O G 


fF exp(- 


2B, - AH^ - AH^ 
2RT 


£iS + AS 
) exp( 2^ 


[4.50] 


where and are heat of adsorption, heat of reaction 

(Bq. [4.17]) an d activation energy for diffusion, respectively. 
ASg and represent corresponding entropy changes and is 

the preexponential term of temperature dependence relationship 
for D. Temperature coefficient or apparent activation energy 
therefore, is represented as 


App’ 


^App = % + I 


[4.51] 


If Bq. [4.51] has a mechanistic basis then our analysis shows 

tha.t a number of temperature dependent steps are composited in 

the overall specific rate constant and no definite conclusion 

cv 

can be drawn from the apparent activation energy obtained 
therefrom . However, the justification of inclusion of the 
adsorption step may be seen from Bq. [4.51]* In general, 

. . ■ cl' , , . 

is known to become less negative with increasing surface coverage 



and, hence, the reaction pressure. [Hie effect of such a 
ohange in the va,lus of will be to reduce the eppEjent 

activation energy as described in Iq. [4.31] at lower pressure 
although this effect may be quite small. This may be noted in 
the lifc^t of the present temperature coefficient values nhta.ined 
at different reaction pressures. Apparent activation energy 
for lagZrClg formation in the temperature range 425 to 500°C is 
7.5 and 9.9 hcal/mole at 745 and 1033 mm pressures, respectively. 
Clearly the temperature coefficient values obey the trend 
discussed above, for the hafnium reaction, however, such an 
analysis eould not be carried out due to nonavailability of 


data. 
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CHAPrSR 5 

BXPE£IJ£S1:TAL results aid Discussion - II 
REAGTIOU II'IV0L¥I1JG TETRACHLORIDE GAS laXTURES 

5.1 Introduction 

Results and discussion on the reaction of sodi-um 
chloride with mixtures of zirconium and hafnium tetrachloride 
vapours are presented in this chapter. Experimental results are 
presented in Sections 5.2 to 5.4. These include partial 
pressure and density va.lues as well as results of the kinetic 
experiments. Keeping in view the complexity of the mixed gas 
reaction leading to the simultaneous formation of several 
compounds, an outline of the approach adopted in the succeeding 
kinetic analysis is presented in Section 5.5. Subsequently, 
experimental results are analysed in terms of kinetic model and 
product layer composition in Sections 5.6 and 5.7. Ihe role of 
kinetics in enhancing separation of hafnitim from zirconium by 
the method involving reaction between sodium chloride and gas 
mixtijre containing zirconitim and hafnium tetrachloride is also 
discussed in Section 5.7. - 

5.2 Portia! pressure of gases in tetrachloride mixture 

The partial, pressure of, the two tetrachloride gases 
constituting the reacting gas mixture was estimated from 
experimentally obtained total pressure and the gas phase 



ccmpcsiticn data. The details of the measurement tochniuues 
have heen discussed in Section 3-5. In all the mea.surements , 
the same riixtirre of solid tetrachlorides was used. Different 
pressures wore achieved by heating the tetrachloride mixture 
ccntcininp bulb to different temper at xires. The results obtained 
are given in Ta.blo ?I. 

5-3 Swelling pararieter, reactant and product density 

Swelling parameter Z as defined in Sq, [2.6] was 
calculated using the densities of the reactant and the product. 
As before , average density of the reacted sodium chloride layer 
rather than that of the sodium chloride sphere as a whole has 
been used. However, due to the variation in the product la.yer 
density with varia.tion in the reaction conditions, no unique 
value for swelling parameter Z, could be obta,inod. Sstimatsd Z 
values and corresponding product layer density values are shown 
in Table VII. 

5.4 Results of the kinetic experiments 

Results of the the rmogravime trie experiments under 
different conditions of reaction temperature and pressure are- 
shown in Rigs. 33 and 34 » respectively. The plots show an 
increase in the reaction rate with increase in temperatur-.-: and . 
tota,l pressure. In these two figures, total weight gain per 
unit weight of solid has been plotted rather than the fraction 
of sodium chloride reacted. Since , sodium chloride reacts to 



Table ¥1. 


Partial pressure of the tetrachloride gas fixture 


bclid tetrachloride composition - 25% 75% ZrCl^ 

(approx., Tolume basis) 


Icrpc-raturs of 
the solid 
tetrachloride 
rdxturc 

1 * xo tal 
(pressure 

1 7 4 . 

r--ZrGl4^ 

i%fCl4^ 

1 mm , Hg 

Gas phase 
composition 
(chemical 
analysis of 
collected 
samples ) 

% Hf 

Kolo 

fraction 
of HfCl 4 
in gas 
phase 


■ 

533.375 

9-30 

21 

0.1611 

822 

158 

330.75 

908 

— 




326.00 

787 

24 

0 .1876 

640 

147 

321.25 

674 

26 

0.2051 

536 

138 

312.00 

507 

•— 

— . 

— 

— 


Table VII. Swelling parameter and product layer density 


Eensity 
reacted 
sodium 
chloride 
layer 
(average 
gm/c *0 • 


of 


^Reaction 
JTenper- 
1 ature 

i 

,t , 

I 

I ' 

I 

I 

i , 


laiB. 


Partial pressure {Product 
Hg {layer 

density 

PZrCl, i %f01, » gci/c.c, 


■4 


Swelling 

parameter 



f 

1 , 

•I 

I 

I 

JL 


450.5 

822 

158 

2.398 

2.786 

450.0 

536 

138 

2.347 

2.791 

424.8 

822 

158 

2.243 

2 . 930 

450.0 

640 

147 

2.393 

2.794 

490.0 

822 

158 

2.422 

2.789 


2.107 





■I 




Sphere Size ('radius; =5-071 
'Pressure "(total)- = 980 mfr-, H 

^ZrC 14 ® 2 2 m m jHg 
'"Pwiri; =^58mm,Hg 




Temperature ®C 
o 490-0 ' 

0 4 50*5 ' 

^ 424*8 







sphere size (red ‘us, =5.07:1 .OSmin 
Temperature = 450- 2 °C 


Partial pressure 
mnn,Hg ■ ■ ' j ' ■ ' 

PzrCl4 ^HfCU 
822 158 

S40 . 147 

53 6 138 


o 980 
a787 
D674 


, , ' I 


: ' Time, hr ' T""''',, 

CT OF PRESSURE ON THE FORMATION OF 
rCIg-Na.HfClg SOLID SOLUTIONS(reaction v 
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rjjinic-rc’as , concentration of would not change much 

MB . 

due to the siorface reaction involving tetrachloride- 
gas, i.e. 

Therefore, from Iq. [4.19] j 

S’ 1/2 

fVei] = (^9) [4.22] 

where K* represents a constant. The concentration of 
sodium ion vacancy, which remains virtually xuachanged, 
has been incorporated in the constant - 


Case III Product layer contains Frenkel defects with imper- 

. I 


fections 
Arguing a 


in the chlorine lattice i.e. and Cl^, 

s in Case II, from Eq. [4.19] we obtain 

1/2 


E * 


t^Ea3 = 


K* 


[4.23] 


Here K* has significance similar to K* above, but 
pertains to chlorine ion vacancy. 

The applicability of the above three cases can now be tested 
in terms of the prcsstire dependence of the rate constant, 
as expressed in Eq. [4.5] may be written as 




K = K D C s 

CV O V V 


[4.24] 


where K = ^ » 
0 


M R 

, and C^^ represents concentration of the rate 


r o 


controllirig species (i.e. ["^m] 

Ll„ 

interface. Substituting for C ^ 
[4.22] and [4.23], respectively. 


or ) a't the outer solid-gas 

in Eq. [4.24] from Eqs . [4.21], 
we get 
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composition distribution in the product layer, the scope of 
analysis of the present system is quite limited. 

It would seem, however, that the present reaction 
system is amena-ble to analysis by virtually the same approach, 
as the one used for the single gas reactions in view of the 
basic kinetic similarity observed in the cases of independent 
formation of ITa^Z-rClg and na2HfClg. In Chapter 4, it was shown 
that the formation of both hexachloro zirconate and hafnats is 
controlled by outwa.rd diffusion of soditam and chlorine ions 
with concurrent migration of vacancies in the opposite direction. 

4 - — 

Since, in both ca.ses common ions Sa and Cl participated in 
the required transport, a similar mechanism is expected for the 
sodium chloride — tetrachloride mixed gas reaction resulting 
in the formation of a solid solution of the hexachloro 
compounds of zirconium and hafnium. Complete solid solubility 

10 "5 

of these two compounds was earlier shown by Flengas and Pint. 

It is then expected that the sodium and chlorine ions migrating 
through the product lattice would rea.ct with the adsorbed 
zirconium and hafnium tetrachloride molecules on the outer 
solid-gas interface to form the reaction products with generation 
of the required vacancies. The nature of this anticipated 
vacancy producing surface reaction, however, is difficult to 
postulate- at this stage. 

In the fo3.1 owing discussion the experimental da.ta 
are examined in the light of the tentative hypothesis 
presented above. First, applicability of transport control 
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is examined in tonas of a reaction model. The reaction model, 
xiiich essentially is Carter^^-Valensi^^ transport control 
model has been rederi-red in terms of vacancy flux . In the 
present case, however, assimptions were to be made regarding 
product layer composition. It is assumed that product layer 
composition stays uniform throughout the reaction. Subsequently, 
an indirect evidence, which validates this assumption is 
presented. Nevertheless, the derivation is of general 
validity for reactions involving outward diffusion of matter. 

5.6 Reaction model: formuD.ation and analysis 

The difficulties in modelling of mixed gas-solid 
reactioi® are compounded by the possibility of non-uniformity 
in composition of the product layer. It is a common practice 
to represent the extent of solid-gas reaction by an index 
concerning the reactant solid. Accordingly, in most reaction 
models, the fraction of solid reacted is chosen as the relevant 
parameter to follow the progress of the reaction. It is to bo 
noted that, for reactions in plane geometry, weight gain data 
can be conveniently used for representing the progress of the 
rsaction._ But due to the change in the area of product-solid 
interface, weight gain data cannot be directly used for 
tracking progress of the reactions in spherical geemetry. 
Consequently, fraction of solid (reactant) reacted ie chosen 
as the reaction parameter for reactions involving spherical 
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solids. For mixed gae reactions, however , this parameter 
cannot be calculated from thermogravimetric data alone due to 
possible changes in the proportions of the constituents of the 
product layer. The fraction of solid reacted, however, can 
be estimated for mixed gas reactions only when the product 
layer composition does not change with time. In the present 
system, if the hypothesis presented before prevails, composi- 
tion of the product layer would stay uniform. An indirect 
evidence, showing that this is indeed so, is presented in the 
next section. 

At any stage of the reaction, total weight gain ¥ 
can be represented as 


¥ = 




^ ^ %fCl 

4 ) [ ^-2 — 

^ ^%aCl ^ 




[ 5 . 1 ] 


where and stand for original and instantaneous radii of 
the sodium chloride sphere , respectively, and the factor 0 denotes 
fraction of the total reacted sodium chloride that goes in to 
form sodium hexachloro hafnate. Subscripted M terms denote 
corresponding molecular weight while '^| 7 g^Q 2 represents density 
of the EaOl sphere. If 0 is not dependent on extent of 


reaction, the parameter representing wei^t gain when the 


entire solid has reacted can be defined as 


¥ 


/D 0 5^ „ + (l-0)M2yG. 


a 


5^ ^o %aCl 


[■ 


” 5 . 2 ] 
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Fraction cf sodium chloride reacted P, now is obtained from 


the ratio cf and W 


a 


¥. 


a 


Thus 


- R? 


R' 


F 


[5.3] 


Since, the core radius at a . particular instant (i.o, vihen 
rcection is terminated) can be measured by stripping the 


fragile product layer, ¥ 


a 


can be calculated from Sq. [5-3] 


using the measured radius and the Imown weight gain data at 


that instant. Fraction of sodim chloride reacted. 


at 


various reaction times can now be computed from the ratio of 

the recorded weight gains at those times and the estimated 

t 

value of 

Kinetic rate expression in terms of the parameter, F, 
is now derived by considering the volume shrinkage of the 
sodium chloride core arising from annihilation of vacancy pair, 
hi and at the product-reactant interface. It is to be 

noted that, volm^e shrinkage of the reacted solid can be equated 
to vacancy flux, only when vacancies reaching the product- 
reactant interfane do not diffuse further to fonn voids, 
jhanihilation of the vacancies at the interface is precondition 
to the following treatment based on shrinking core concept. 

This aspect has been elaborated earlier in Section 2.2. That 
tiae vacancies do not diffuse beyond the pro duct- reactant 
interface is evidenced by the near constancy of the porosity 
o" the core. In the coiirse of the reaction core porosity was 



found to increase by C.Gl to 0.3 per cent only. !Zhe increanent 
ie too snail tc affect the kinetic analysis. Hcvrever, this 
snail increase is of iaportance from yet another account. It 
was discussed earlier (cf. Section 4.7) that even such snail 
increase in the porosity nay serve to indicrte occurrence cf 
the outward diffusion. !I!herefore, to a first approximation the 
vacancy flux arriving- at the product-reactant interfaces can he 
equated to the volume rate of shrinkage of scdium chloride core 
The expression for the quasi-steady state flux of 
vacancies through the solid product layer. is given by 

\ = 47ir2 ^ [5.41 


where refers to vacancy concentration of the slowest moving 
species, while D.^ denotes diffusivity of the same. It is to be 
noted that c^ hs.s the xinit of nximber of vacancies per cri . 
r denotes radius of the sphere at any section. Integrating 
Eq. [5.4] using the boundary conditions 


c = c at r = R (outer product-gas interface) 

V V g 

R. 


[5 


a.nd = c^^^ at r = R^ (inner product-reactant interface 


we obtain 


R R. 

-Tv = \ fi ' 


[e'e - 

“■ V 


R. 

c 

V -* 


[5.6] 


R. 

Ror a diffusion controlled process c ^ is negligibly small as 
R ^ 

compared to and thus 
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R R. R 

Jv = “v a-?±- t5.7- 

g 1 

The assmptiori leading to Bq. [5.7] » however, is not essential 
for the kinrtic --odsl. 

Since, both soditE ani chlorine ion vacancies sinnl- 
taiieoiisly migrate, volume flux reaching the product-reactant 
interface is given by 


VGl 


= 4'Ra D, 


R R. 
g 1 

V R - E. 


R 


[5-F. 


« J 


m 

where c denotes volume of the vacancy pair and . Rate 

of shrinkage of the solid constituent of the core volxme is 
given by 


dj 

dt 


2 

= - ®i aT 


[5.9] 


Equating Eqs . [5.8] and [5.9] gives 

dR. a D R R 

1 Z ( g_) c S 

dt “ R. '^R - R.^ % 

X g 1 


!’5.10] 


Row, the swelling parameter, Z, can be introduced to obtain 
relationship between R and R^ . Bius 


r5-r5 

_ Volume of nroduct formed _ g i 
- Volume of NaCl reacted “ R^ - R^ 


o X 

Z can be obtained experimentally from the densities of the 
product ’and reactrnt solid or the measured radii. Rroo Eq. 


[5.1] we get 
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R R. a 

Jv = rfir =v® 

g 1 

The ass-unption leading to Bq. [5-7] j however, is not essential 
for the kinr tic *.‘odsl. 

Since, both sodi^uni ani chlorine ion vacancies sinul- 
taneously migrate, voli^me flux reaching the product-reactant 
interface is given by 


j = 4ita D D 
vol V R 


R R. 
£-JL 


R 


R. ‘^v 


g 


[5.8] 


where o denotes volume of the vacancy pair and . Rate 
of shrinkage of the solid constituent of the core voltime is 
given by 

d¥ 


2 “i 

— = - 4-rt Rf -TT^ 

dt 1 dt 


[5.9] 


Equating Eqs. [5.8] and [5-9] gives 

a 

^ ( 


dR. 

1 

dt 


R. 


-g_) c ^ 

R - R.^ % 
m 1 


[ 5 . 10 ] 


How, the swelling parameter, Z, can be introduced to obtain 


relationship between R^ and R^ . Bius 

R^ - R^ 

7 _ Volume of product formed _ g i 

Volume of HaCl reacted R^ - 

■^o ~ " i 


[5.11] 


Z can be obtained experimentally from the densities of the 
product 'and reactrnt solid or the measured radii. From Eq. 
[5.1] we get ■ 
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1 


- m 

O 


[5 


^ 1 

J 


Combining 3qs. [5.1] and [5-11] 


= R-' + m(z-i) 
g o 


[5.13] 


vhere H 


d ^ ^^fCl ^^2rCl 

^’->^1 r R £ti 

%nci ^ 2 ^ 

is a constant. Differentiation of Sq. [5.12] leads to 


[5.Uj 


dE. 

1 

dt 


H ^ 

3eJ fit 


[5.15] 


dE. 

1 


Substituting for in Eq. [5.10], the differential rate 
expression be cones 


41 

dt 


3o R. D 

IV 

H 


R 


-R. 

1 

R 


■j c. 


V 


[ 5 . 16 ] 


- 1 


R. 


Now we proceed to express the terms R. and ^ as functions of 


¥ and ¥^. Proia Bq. [5.1] and [5.2] 


E. = R (1 - ^) 
1 o ^ ¥_ ' 

a 


g 


1/3 


[5.1?: 


and from Eq. [5.12] and [5.13] 


R. 

1 

R 






1/3 


[5.18] 


R' 
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ibining Jrg, . [5.2] and [5.14] 


W = rj 

a ii 


o 


[5.19] 


liierefore 


? 3 


g 


in 




il 


3q. [5.18] can te written as 


r - *i "1 ' 

t-i- “ -j-j 


75 


[1 + f (Z-1)] 


TTf 


[5.20] 


a 


Substituting for 1. and R. /fi .from Eqs. [5.17] ?nd [5.2Cj, 

1 1 - g 

respectively , into Iq. [5.16] results in 


{1 + I- (z-D) 


dW 

dt 


f ^ 

' j 


■; 1 /'- 

- f ) t 

a 


1 /: 


¥ 


a 


V 1/5 7 

(1 - ”) - (1 + ™-(Z-l)} 

’a a 


R 

— ^Ic S 
1/3^ 


[5.21] 

T?[ 

Since, fraction of laCl reacted is given by E = ^ (see Bq. 

“'‘a 

[5.8]j, dividing throughout by ¥ and followed by substitution 

€C 

of Bqs. [5.8] .and [5.19], Sq. [5.21J becomes 


dt 


3al 






R 


(l-F)!^ _ (1 + 5'(g_i)) 


1/3^ ^v 


or , 


dP ,, -1/5 -1/5 5crl R 

[(1 + l'(Z-l)) - (l.^F) ] = ~ ^ 


dt 


R' 


or 


or., 


If [(z + (1-Z)(1-P)) 


-1/3 -1/3 

- (1-i ) ] = - , 

R- ^ 


S 

J. c ^ 


-1/3 


3oB 


H. 


-(Z + (1-Z)(1-J)) ]=- 

xt 


V ^ g 

■ T'r 


22] 
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form siEult ana cusly la 2 ZrGlg and Na 2 HfGlg, it is difficult to 
estimate fraction of solid reacted at the outset. A me the d has 
been su^^gested in Section 5.6 for calculating this parameter 
for the present system. However, since the method is subject 
t; certain aoeveption, the direct experimental parameter i.c. 
wei;_,ht gain per unit wei^t of solid reactant has been plotted 
in Pigs. 33 and 34. 

5-5 Outline of the approach to the kinetic analysis 

Multi -gs-s rea,ction with a solid, such a.s in the 
present case, is characterised by simultaneous formation of a 
number of solid compounds. The kinetic analysis, therefore, 
would depend on the proportion and nature of association of the 
product compounds. The microstructure of the product layer may 
comprise of dispersed phases, layered phases or a single solid 
solution phase. In view of the simultaneous appearance of a 
number of compounds, conceptual realisation of this class of 
reactions is considerably more difficult as compmed to the 
reactions involving single gas and solid. Modelling difficulties 
accompanying such simultaneous reactions are similar to those 
associated with oxidation of alloys involving a single gas which 
also results in multi phase product layer. Even when a single 
solid solution phase appears, possible occurrence of non- 
uniformity in the product layer composition may complicate any 
meaningful analysis, hue to the lack of information regarding 
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C- otl.*r I'.and surface concentration of the rate 

"y" 

csntrclling species diffusing inwards, as incorporated here 

3 a 

has the dimension of noaaber of vacancies/cm^ . can he 

w 

c.ii-. .rt“d to molar unit l.e. noles/cm" hy introducing the 
iivagadro number, iT 

V/ AJJ, 

g 


Thus can be written as 

a 


% O 


[ 5 . 25 ] 


low oE^ represents volume per mole of sodi'um and chlorine 


vacancy pair and hence 

aN 


M 

^%aCl 

,Z5 

aCl 


W: 


'Therefore 


j; = % o®e = k 

31 /%-r nn V CV 

a ' haCl 
o 


[5.26] 


[5.27] 


a 


It is to be noted that in the expression above C ® denotes 

’ ^NaCl 

concentration of the rate controlling species, while 

SaCl 

i.e. oN^ represents molar volume of vacancy pair. This, however, 
is not inconsistent at all since along with the migration of the 
rate controlling defect, which determines the rate of reaction, 
the other defect also migrate simultaneously . Condensation of 
both these defects leads to the shrinkage of NaCl sphere. 

The expeminentally obtained rate data now can be tasted 
in terms of Sq. [5.23]. In Figs. 35 and 36 rate data have 
been plotted according to Sq, [5,23]. The figtires show the 
effects of reaction temperature and total pressure, respectively. 
Consistently good fit of the rate equation indicates applicability 
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of the transport control hypothesis presented before. In 
particularj the assumption of constant 0 in Sq. [5.1] seams 
justified since the Carter -?alen si model can not be oc-rived if 
0 varies with time. Rate constants have been calculated from 
the slopes of these plots and is shown in Tabic VIII. The raft 
constant values found in this case was found to bo greater thaj 


Table VIII. Carter -Valensi rats constants for the formation c 



Jla^ZrOlg 

- i-Ia 2 HfClg solid 

solution 

m 


Effect of 

! 

{Sp>here 

}sis8 

1 ( radius } 

{ mm 
! 
t 
f 

Total 
pressure 
mmf Hg 

{Partial 
I mm, ; 

i^ZrCl, 

1 4 

t 

? 

1 

t 

pressure 

He 

;%fci^ 

f 

f 

f 

..t 

t 

JEeaction 
. {temper- 
{ature 
{ ©OQ 

1 

1 

1 

{Rato ■ 
{const 

Ie xli 

{ cv 

1 J 

{ hr 

f - r 


6.098 

980 

822 

158 

450.5 

2.51 

Pressure 

6.097 

787 

640 

147 

450.0 

2.4^ 


6.098 

674 . 

536 

158 

450.0 

2.44 


6.115 

980 

822 

158 

490 .0 

5.7! 

Temperature 

6.098 

980 

822 

158 

450.5 

2.5’ 


6.112 

980 

822 

158 

424.8 

2.3' 


that for the formation of pure NagHfClg but less than that fo: 


the Na^^nClg formation. 
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5.7 Siirface reaction 

Earlier it was mentioned that the nature of the surface 
reaction, in particular, in relation to the vacancies generated 
at the out:r eolid-gas interface', is not known. But it seems 
that the compositional relation between the solid product phase 
and the reacting gas phase may be obtained by simpler consider- 
ation. Under the condition of oxitward diffusion of Ka and G1 
ions, the outer reactant surface becomes the meeting point of th:. 
gaseous tetrachlorides, the hexachloro compounds and the : 

transported sodiimi and chlorine ions. The product forming: 
reaction now may bo looked upon as two separate reactiorsi .c . | 

2rKa+ + solution) 

2[Na+ -t + HfOl^ = [5.2 

Obviously then, under equilibrium condition, relationship beti-reen j 
the product and the gas phase would be given by combination of i 
the two individual reactions i.e. 

“a22^0l6( solution) -*■ HfCl^ = ®^2Hf0l6(sclutlon) + ^^^l^ [5.50] 

Equilibrium constant of the combined chOTical reaction is given 

W I 

^SrCl, ^-Ua^HfClr ^ZrCl. %a.,HfCl. 

£. ^ i . 2 6 ^ _i , 2 6 [5.51] 

%fGl^ ^Ha2ZrClg %fCl^ ^Ea^ZrOlg 

The hexachloro compounds are known to form ideal solid 

It is to be noted that if Bq, [5.3l] is valid than : 


solution. 
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trie jror'.iCt layer formed will hfive an 'uniforE composition across 
the product layer. Since, the partial pressures of the reacting 
tetrachlorides remain unchanged all through the reaction, the 
equilibrium relation as given in Eq. [5.31] would remain constant 
only when concentration ratio of the hexachloro compounds also 
remains independent of the reaction time. To tost the validity 
of the above postulation, the product layer composition expected 
from Iq. [5.31] may be compared to that obtained from actual 
chemical analysis of the product layers. Calculated and measured 
product layer compositions as shown in Table IX wore found to 


Table IZ. 

Product layer composition (calculated and 
under various reaction conditions. 

measured) 

Partial 
mm , 

pressure 

Hg 

J 1 

I t 

; Reaction } 

{ temperature J 

Composition of 
product layer 

the 

1 

^ZrOl^ j 

- . - .. ' t 

PjJfQl 

4 

\ 9°C 1 

%Hf 


» 1 

1 t 

1 t 

-- f ... . . t.. . 

I 

CalcTilatsd ,* Measured 

1 ... 

822 

158 

450.5 

25.8 

25 

536 

138 

450.0 

31.4 

32 

822 

158 

424.8 

25.9 

29 

640 

147 

450.0 

29.1 

28 

822 

158 

490.0 

25.7 

26 


compare well. The match may be considered good, particularly 
because chemical analysis data wore not much accurate. Obviously 
a direct evidence in this regard i.e. chemical analysis of the 
product layer as a fimction of position would have served the 
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purpose uuch better. Accordingly, electron aicro probe analysis 
of the product layer was attempted? But this could not be 
accomplished due to technical difficulties. It was fotuad that 
the area under the electron beam gets removed in a very short 
time. This apparently was due to steady ovoluticn of gases from 
the specimen surface . 

In the light of the transport control reaction model 
and the equilibrium considerations presented above, it appears 
that the mixed tetrachloride gas-haCl reaction is also controlled 
by outward diffusion of sodium and chlorine ions. ; 

The separation efficiency of the chemical method based ^ 

on the reaction between solid sodim chloride and the tetrachlorid 

/ ■ ■ 

mixture now may be looked into in terms of the reaction mechanism ’ 

discussed above. Earlier it was shown that the individiial I 

, I 

hexachloro compounds form at different rates; hafnium compound 
formation being slower. The difference in rates of NSg^rClg and 
lIa2HfClg formation, however, txuns out to be of little use from 
the point of view of preferential formation of compoimds and 
separation of zirconitim from hafnium. Under all conditions, the 
separation factor is expected to obey the equilibrium condition 
of Eq. [5.513. Thus enhancement of separation efficiency by 
kinetic means does not seem feasible. 


tp The trial was made at Defence Metallurgical Research 
laboratory, Hyderabad- 
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CHAPTER 6 

coiGLUsioKS : 

Kinetics of reaction of sodium chloride spheres with 
f.aseous zirconium tetrachloride, hafnium tetrachloride and 
mixtures of these vapours have hec-n studied thermogravimetrically 
under various conditions using an all glass fully closed 
apparatus. The overall chemical reactions can be written as 

2KaCl + ZrCl^ = Ha22rClg (sodium hexachlpro zirconate) 

21aCl + HfCl^ = Ha2HfCl^ (sodium hexachloro hafnate) 

Although in the present investigation only sodium chloride was 
used as solid reactant, similar studies may be conducted on the 
experimental set up developed using other alkali chlorides. The 
main conclusions for the present studies involving zirconium 
tetrachloride and/or hafnium tetrachloride vapours are the 
following. 

1. Reaction with i n dividual tetrachlorides i 

The reaction leading to the formation of the hexachloro 
zirconate or hexachloro hafnate are very slow. Por example, in 
the system ZrOl^-HaCl, it took 86 hoiars to achieve 36 per cent 
reaction xander a pressure of 581 mm, Hg and at a temperature of 
451°Gj sphere radius being 6.089 nsm. The reaction involving 
hafnium tetrachloride is even slower under identical experimental 
condition. The reaction rate increases with increase in 



131 


taEper^* ture and pressure while sphere size has the reverse 
effect. 

Ihe formation of the double salts is accompanied bp 

a.ppreciable swelling of the reactant size, Ihe product layers 

produced are nonporous and coherent in both cases. The rr.tc 

data for those solid-gas reactions consistently agree only with 

Carter-¥alensi product phase transport control model. The 

model when tested for reactions involving spheres of different 

sizes, yielded the expected power relationship between the 

sphere size and the reaction rate constant. The specific rate 

th th 

constrnt varied inversely with 1.92 and 2.12 power of the 
sphere size (radius) for zirconitm and hafniim roaction, 
respectively, in reasonable agreaaent with the value of two 
required in the Car ter -Vale ns i model. The rate data, however, 
do not pgroo with other well known transport control models. 
Presumably, the swelling of the reaction product, which is 
quite prominent in these systems, leads to the failure of 
these transport control models. 

Inert mem^ker experiments showed that the diffusion 
of ions through the product layer occurs outward from the 
sodium chloride core to the surface of the product layer. The 
required ionic transport presumably occurs by a vacancy mochaniom 
It is postxilated that the vacancies involved in transport me 
generated at the surface of the product layer by the reaction 
between transported sodium and chlorine ions with zirconiuiu cr 
Liafnium tetrachloride adsorbed on the surface of the reacting 
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Inte^r?. ia. [5.21] with the initial coneiticn; (1-5) = 1 

at t = C 


- ii+rz + (i-2)(i-F)i^^^ - 1 _ _r; 

2^2—1) 


IT s: 


,2 V 


c ^jt 


or/ L- r,LL . ± ?iZ-lJj!^! ^ E t 


2[Z-1) 


'in 


[5.23] 


where represents the overall rate constant given by 




a 

0 Tj c ^ 

V V 


[5.24] 


o 

It can be seen that the rate equation derived hare is identical 

to Carter-Valensi equation (Sq- [4.4]) which was eaployed for 

individual tetrachloride - sodiuu chloride reaction. For 

individual reactions 0 is always unity and, therefore, no 

assiomption is involved. It nay be noted that the present node of 

derivation is applicable to outward diffusion both by interstitial 

and vacancy mechanism. In the case of interstitial diffusion as 

ions leave the rea.ctant lattice, it leaves vacant sites at the 

product-reactant interface and is amenable to analysis in the 

same way as presented in the foregoing derivation. 

The apparent discrepancy in rate constant enprcssion 

i,e. Bqs. [5.241 and [4.5] are due to different units of the 

E 

concentration terms . Surface concentration terns of the 

rati, controlling species that appear in the expression fcr 

' ' ’2'- , ' 

Carter -Yalensi rate constant (Bq, [4.5]) is given by r-Cles/cm. . 
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:ssil:iy fue t: the adserptien effect preceding the nein 
reactic.n. She temperature ccefficient values f:r reacti.n 
in the ZrCl^'-PIaGl system in the tsnpcrrture rrngie 425 tc 50G'C 
is 7»5 Scal/ncle at 745 na, Hg pressure and 9.9 Iccr-l/mclc at 
iC33 Hg pressure. Similar data f.'r HaCl-KfCl^ case is 
available at '.nly cne pressure. Tenperaturs c* efficient f'r 
the f,rmati:.n of Na 2 HfClg (y-phase) in the tenporaturc rang g 
440 t 484'’ C is 13 hcal/nele j the- reaction X't’vssure being 


945 ire, Hg. 


cf Na-gZrClg and Ha 2 HfClg also cenfam to the 


2. Reaction involving fixture cf tetrachloride v.atcurs : 
feraation of solid soluticns r.f hexachlerr ernneund 
The heterogeneous reaction between solid sediun 
chloride and gaseous mixture of zirccnixAn tetrachloride and 
hafnium tetrachloride, restilting in the sintO-teiioc fermatien 

: ut I’V.r d diffusion 
control kinetics. The kinetic data can be fitted to the 
Carter-Yalensi rate expressicn. The overall rcacti-on is found 
faster than the rate of formation of ITa^HfGlg but slower than 
that cf Na22rClg , tinder similar reaction conditions. The 
preduct layer composition compares well with the thermodynamic 
predictions based cn the assumption cf an equilibrium surface 
reaction. This is in accordance with the proposed rccti-.-n 
mechanism. It would seen that the product compesition in 


this case is governed solely by the thermodynamics of the 
exchange reaction 
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+ HfCl^ = NagKfClg + ZrCl^ 

Tht. kinetic rr.ranetors apparently d. n''t inflnjnce the 
c- :z:::siti:r- cf the sc lid solution. 

In view cf the nature of the reaction mechanise: f;.r 
the rc-r.cti'.n involving gas nixtnrc it aip^o-rs tfcrt the 
efficiency of separation cf h.<afniiira fron zirccniur.. throagh 
reaction .f tetrachloride nixtures with solid sodiuio chi 'ride , 
cannot be- inpreved by kinetic neans. Perhaprs this ■ bscrv?.ti..n 
can be extended to reactions with other alkali halides rls' . 
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a. “irX 


APPBIIDIX I 
BL5IC EIWBTIC LISa 


A. Icr-.ation of Ha 

li-'Mi 3 : 

li'oight of the aphor 

itadius cf the splior 

jZrClg 

a = 1.771 

a = 6 ,087 

44 lenperature = 4 

nn Pressure (ZrCl^ 

) = 1013 nn, Eg 

Tiae 

hr 

Weight gain 

1 

; line 

* hr 
» 

f 

Weight gain 

g:,: 

■ f 

5 Tine We 

j hr 

.. 1 , - , 

ifeht gain 
gn 

0.00 

0.0000 

15 . 50 

0.6569 

89.50 

1 # 6 4 2G 

0.75 

C.0731 

19.50 

0.7065 

92.00 

1.650C 

1.25 

0.1300 

25.50 

0-8055 

102.50 

1.7628 

2.00 

0.1950 

32.25 

0.9624 

113.50 

1.8684 

2.75 

0.2195 

40.00 

1.0614 

125.50 

1-9578 

3.25 

0.2360 

48.25 

1-1439 

136.50 

2.0391 

4 .00 

0.2855 

51 .25 

1.2740 

140.25 

2. 1528 

5.50 

0 .3763 

55.25 

1.3060 

152.25 

2.1691 : 

7.00 

0.3928 

64.00 

1.3780 

164-75 

2.2016 

9.00 

0.4754 ' 

72.25 

1.4W 

177.50 

2.2427 

12.00 

0.5579 

79.50 

1.5620 

189.75 

2.4177 





200,75 

2.4497 
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s.'lid. Ths nigraticn of the chlorine ion vacancy appcn'rs tc 
b-j the rate controlling step. Bie specific reaction rate 
c'nstant fer ho.f niton and zirconium case, which are found to 
he prcportional to 1/2.13^^ and 1/1.98"^^ power cf the tetra- 
chloride pressure at 450^0, respectively, compare well with 
the pcstulf.tos of the reaction mechanism. 

Although over the range of the reaction ccnditi:,ns 
ompl 3 '’Gd, the reaction hehavicur fully conforms to the 
ustulatc-s cf the proposed reaction mechanism, there is some 
evidence tc suggest that the mechanism may change with temper- 
ature due to accompanying change in the polymorphic form c.f 
the reaction product. Evidence in this regard, hewover, is 
available f.. r the HaCl-HfCl^ system only, Hie difference in 
the pressure dep endonce of the reaction rate in different 
phase regions (y-phase in present work and 6-phase in Pint 
and Plongas’ w-'rk) and abrupt change in the slope cf the 
Arrhenius type plot cf the rate cenatant with change in the 
polymorphic form of the product phase, as observed during the 
rco.cti''n with Imfnium tetrachlcride , suggests possibility of 
chf'jage in the reacti-^n mechanism. 

In view of the superposition of a number of 
tc-nperattiro dependent parameters in the rate constant term, 
n: indicati.-n regarding the activation energy cf the rsacti:n 
c uld be .htained from the temperature coefficient values. 
Fwwover, difference in the temperature coefficient values f-'r 
reactions a.t different pressures in the ZrCl^-KaCl system is 
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Itiin ‘T cor*ti:iuod 


Time 

hr 

Weight gain 
gm 

f 

i 

t 

! 

t 

t 

1 

■■ p..i. 

Time 

hr 

Weight gain 

gm. 

”! 

1 Time 
{ hr 

f 

... 1 - 

Weight gain 

2.75 

C.2355 


47. 5C 

C 0 8864 

125.50 

1.4429 

4.75 

C.2733 


55. 5C 

C.9568 

137. OC 

1 « 5167 

7.75 

C.3416 


64. 5C 

1.C479 

149. 5C 

1.5640 

11.75 

C . 44C3 


71. 5C 

1.0783 

l62.ee 

1. 6393 

15.75 

C .50 1C 


78 . 5C 

1-1467 

174-50 

1.7147 

■2 2 m L 

0.5997 







Sun 7 (a and h) 

Weight of the sphere = 1,81315 go femperattare = 45C.5°C 

(till 115 hrs. } 

Radius of the sphere = 6.078 mn . = 425. COC 

(from 122.5 hrs. ) 
Pressure (ZrCl^) = 745 Jan, Hg 


t I 


'Tine 

hr 

Weight gain 
gm 

{ Time 
,* hr 

t 

1 

Weight gain,' 

©2 J 

» 

1 

Time 

hr 

Weight gain 
ga 

C' .0 

C.CCCC 

42.0 

1.0562 

131. C 

1.8716 

4 . C' 

C.2C31 

50.0 

1.1700 

142. C 

1.9196 

6.0 

C . 2681 

57-0 

1.235C 

153. C 

1.9996 

7.C 

0.3656 

67.0 

1.3406 

165. C 

2.0476 

9.C 

C.4306 

79.0 

1-4625 

177.0 

2-0957 

-i- S' . 0 

0.5687 

92 .0 : 

1.5596 

189.5 

2.1598 

17.0 

C.6175 

104.0 

1.6956 

2C1.C 

2.2159 

21. C 

0.7556 

115 .0 

1.7676 

213.5 

2.2720 

23. C 

33. V 

C.8C44 

0 .9344 

Temperature changed 
to 425«»e 

122.5 1.8076 

222.5 

2. 3201 








I -or. S (a and h) 

’ieig-ht of the sphere = 1.82421 gm Temperature = 451°G 


liadius of the sphere = 6.089 sun treasure (2rCl*) = 3S1 mm, Eg 

till S6.5 hrs, 
= 5 2C mm j Eg 
(from 95.5 hrs* 


Time 

hr 

" ■' f' 

1 

Weight gain| 
gm 1 

I 

...... .. » 

Time 

hr 

■ ' ' ' ' ‘ ' 'I 

1 

Weight gain,' 

gm 1 

1 

t 

Tine 

hr 

Weight gain 

gm : 

C.O 

0.0000 

37.5 

0,8396 

111.5 

1.4766 

1.5 

0.1210 

45.5 

0-9348 

123.5 

1.6372 

2.5 

0.1511 

52.5 

1.04D7 

135.5 

1.7366 

3.5 

0.2039 

63.5 

1.1478 

147.5 

1.8054 

5.5 

0.2792 

70.5 

1.2013 

159,5 

1.8972 i 

7.5 

0.4149 

76.5 

1.2395 

171-5 

1.9660 i 

11.5 

0.4525 

86.5 

1.3160 

183.5 

2.0422 1 

16.5 

0.5230 

Pressure changed to 

195.5 

2.1106, i 



520 mm. 

Hg 


i 

22.5 

0.6108 

95-5 

1.3695 

206.5 

2.1409 1 

27.5 

0.7238 

101.5 

1.4460 


f 


Run 14 

Weight of the sphere = 1.82228 gm Temperature = 5C0°C 

Radius of the sphere = 6.089 mm Pressure (ZrCl^) = 7>4 mm, Hg 


Time 

hr 

♦ 

Weight gainj 

gm { 

, 

Time 

hr 

1 

Weight gain J 

gm 5 

» 

Time 

hr 

Weight gain 
gm 

.. C.C 

o.ocoo 

10.0 

0.5389 

42,5 

1.1629 

l.C 

0.0473 

14.5 

0.6240 

50.0 

1.2853 

2.0 

0.1691 

19.5 

0.7658 

58.0 

1.3520 

4.0 

0.2836 

25-5 

0.8604 

70.5 

1.4938 

7.0 

0.4349 

33.0 

1.0116 

79.0 

1.6262 
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Him 18 

’weight cf the sphere = 0,78506 gm Temperature = 451^C 

iiadius of the sphere = 4.6141 mm Pressure (ZrCl^) = 753 mm» Hg 


ITims 

In Y* 

■iPHfiomfin 

■■■KiflBHHi 


f ■ 

Weight gain? 

m l 

Time 

hr 

Weight gain 
gm 

C.O 

c.cooo 

12.0 

. . . , 

0.3219 

56.5 

0.7C5S 

1.0 

0.0330 

17. C 

0.3879 

65.5 

0.7627 

2.0 

0.1073 

23.5 

0.4539 

77.5 

0.8196 

3.0 

0.1403 

33.5 

0.5433 

89.5 

0.8846 

4.0 

0.1898 

42.5 

0.6327 

101.5 

0.9333 

7.5 

0.2641 

50.5 

0.6652 

112.5 

0.9743 


Run- 9 

Weight of the sphere = 0.34366gm Temperature = 450°G 

Radius of the sphere = 3.303 mm Pressure (ZrCl^) = 739 mm, Hg 


Time 

hr 

f 

Weight gainj 

m J 

# 

Time 

hr 

I 

Weight gain J 

gm 1 

f 

Time 

hr 

Weight gain 
gm 

0.0 

0.0000 

20.0 

0.2415 

77.0 

0.4829 

1.0 

0.0436 

25.0 

0.2723 

88.0 

0.5016 

2.0 

0.0626 

■ o 

• 

Hi 

0.3138 

103.5 

0.5339 

4 .0 

0.1103 

40.0 

0.3605 

113.5 

0.5612 

6 .0 

0.1307 

47.0 

0.3744 

125.0 

0.5799 

10.0 

0.1767 

55.5 

0.4072 

144 .0 

0.6139 

13.0 

0.2108 

65.5 

0.4453 

165.5 

0.6343 

16.0 

0.2244 

74.0 

0,4693 

171.0 

0.6462 
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B. Poraation of Ea^HfClg : 

1 

'Weigiit of the sphere = 1.78302 gci Temperatisre = 451^0 

S.adi'as cf the sphere = 6.C5H cxi Pressiire (Ef CI4 ) = 945 caa, Hg 


Time 

hr 

r 

Weight gain { 
gm • 

Time 

hr 

Ml 

Weight gain ,* 

- i-.... 

Time 

hr 

Weight gain 
gm 

0.0 

,, - , - 

c.cocc 

25.25 

0.8630 

68.75 

1.5132 

1.5c 

0.1C65 

28.00 

0.9253 

82.75 

1.6585 

3.00 

0.2866 

35.50 

I.C646 

94.75 

1.7658 

9.00 

0.5568 

42.50 

1.1633 

107.50 

1.8731 

13.00 

0.6469 

49.50 

1.2541 

119.50 

1 . 9804 

18,25 

0.7452 

58.75 

1.3861 

127.00 

2.0217 

21.25 

0.7861 





Rxin 10 






Weight 

of the sphere 

= 1.75789 gm femperatiire = 

426. 5°C 

Radius 

of the sphere 

= 6.075 

mm Pressure (HfCl^) = 933 mm, 1 

Time 

^ ' 1 

Weight gain,* 

Time 

■ t 

Wei^t gain* 

Time 

Weight gain 

hr 

m t 

1 , , . , ■ « 

hr 

m 1 

, t 

hr 

gm 

C.O 

C.CCOG 

22.0 

0.6496 

76.0 

1.2102 

2.5 

0.1914 

25.5 

0,7064 

88.5 

1.3083 

3.5 

0.2329 

30. 0 

0.7958 

101.0 

1.3984 

5.5 

C.3162 

40.5 

0,8852 

113.5 

1.4639 

8.5 

0 . 38I4 

47.5 

0.9502 

126.5 

1.5785 

12.5 

0.5033 

54.5 

1.0396 

137.5 

1.6277 

17. C 

0.5764 

63.5 

1.1046 ' 

15c. c 

1.7178 
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Hun 11 { a ana h ) \ 

Weight of the sphere = 1.83187 gs Temperatupe = •^75°^ 

(till^8C.5 hrs. }j 

iiaci’as of the sphere = 6,044 nm = 50C®G 

(from 9C.5 hrs. ) ' 
Pressure (HfCl_^} = 954 mm, 



lime 

hr 

Veight gain 

gm 

; fime 
hr 

I 

-1 

Weight gainf 
gffi . t 

I 

-1 

Time 

hr 

Weight gain 
gm 

0.0 

0.0000 

67.5 

1.6002 

133.0 

2.3773 

2.5 

0.3127 

74.0 

1.7158 

140.5 

2.4467 

7.5 

0.5156 

80.5 

1.7818 

147.0 

2.5160 

10.5 

0.6424 

Temperature changed 
to 5000 G 

156.0 

2.6807 

15,0 

0.7523 

90.5 

1.8809 

166.0 

2.7673 

23.0 

0.9383 

94.0 

1.9469 

176.5 

2.8280 

29.0 

1.0637 

103.0 

2.0480 

182.5 

2.8713 

34.5 

1.1380 

113.0 

2.1694 

188.5 

2.9320 

#3.5 

1.2783 

119.5 

2.2387 

198.5 

3.0266 

50.5 

57.5 

1.3774 

1.4764 

123.0 

2.2820 

212.0 

3.0769 
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-Vi 1 % 


II € l.gj£lX 

Hadius 


of the sphere = 0.34962 gm femperature = 45C.5 0 

of the sphere = 3»236 aa Pressure (EfOl^) = 963 


C.O 

1.0 

2.C 

3.5 

7.0 

10.0 

16.0 

21.0 

25.0 


C.OOiX) 
0,0614 
0.0852 
0.1190 
0.1647 
0 . 2188 
0.2729 
0.3192 
0.3381 


30.0 

35.0 

41.0 

47.0 

53.0 

59.0 

68.0 

75.0 

83.0 


0.3793 

0.4085 

0.4464 

0.4721 

0.4877 

0.5223 

0.5640 

0.5813 

0.6142 


Time 

hr 

Weight gi 
gm 

93.5 

0.6436 

100.5 

0 . 6662 

108.0 

0.6667 

116.0 

0.7085 

130.5 

0.7404 

141.0 

0.7622 

153.0 

0.7857 

159.0 

0.8025 


fc.ain 


Run 19 
Weight 


the sphere = 0.78599 gm Temperature = 450. 5°C 


Radius of the sphere = 4.607 mm 


Pressure (HfCl^) = 939 am, Eg 


0.0 

1.5 

2 . 5 

4.5 

7.5 
11. C 
16.0 


;ht gain 
©a 

5 Time 

,* hr 

1 - 

Weight gainj 

m t 

- 1 ... 

Time 

hr 

Wei^t gain 

gffi 

1.0000 

23.25 

0.4956 

63.5 

0.8161 

i.1188 

27.50 

0.5411 

72.0 

O.SSCl 

M383 . 

35.0 

0.6161 

79.5 

0 . 9201 

* . 2114 

42.0 

0.6753 

87.5 

C.S713 

>.2927 

50.5 

0.7393 

96.5 

l.COSl 

'.3414 

55 -C 

0.7681 

109.5 

1.0492 

'.3958 
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1.82556 gm Temperature = 450. 5°C , 

6.085 nan Pressure (HfCl . ) = 567 irci, Hg 

^ (till 68.5 h 
= £1 9 nan , Hg 
(from 98. C h 


1 r 


Time 

hr 

Weight gain 

gni 

Time 

hr 

Weight gain’ 
gm \ 

. , - f - 

Time 

hr 

Weignt gain 
''gm 

C.C 

0.0000 

42.0 

0.9557 

105.0 

1.5308 

1.0 

0.1415 

49.5 

1.0019 

116.0 

1,6247 

2.0 

0.1985 

56.5 

1.0869 

125.5 

1.7035 

4.0 

0 . 2928 

65.5 

1.1720 

155.0 

1.7561 i 

7.0 

0.5873 

77.0 

1.2619 

141.5 

1.8218 ; 

11.0 

0.4819 

88.5 

1.5598 

150.5 

1.9062 i 

f 

16.5 

0.5859 

Pressure changed to 

157.5 

1.9626 j 



819 mm, 

Hg 


i 

26.5 

0.7572 

98.0 

1.4557 

167.0 

2.0283 1 

55.5 

0.8222 






Huxl 21 

Wei^t of the sphere = 1.85282 ^ lemperatxire = 450. 0°C 
Sadiue of the sphere = 6.09 mm Pressure (HfCl^) = 510 mm, Eg 


Time 

hr 

1 

¥e ight gain { 
gm ] 

t 

Time 

hr 

J 

Wei^t gain J 
gm \ 

Time 

hr 

Weight gain 
gm 

0.0 

c.oooo 

16.0 

0.6591 

41.5 

1.0507 

1.5 

0.2197 

20.0 

0.7324 

48.5 

1-0916 

4.0 

0.3662 

27.0 

0.8707 

55.5 

1-1735 

7.0 

0.4557 

52.0 

0.9278 

65.0 

1.2881 


12. C 0-5729 


Pun 16 (a end bj 
Weight of the sphere = 
Padius of the sphere = 



(from 98.5 hrs 


fime 

hr 

Weight gain 
gm 

j , T , . in. 

J Time 
{ hr 

t 

Wei^t gainj 

t 

• 

Time 

hr 

Weight gain 

0.0 

0.0000 

33.0 

0.9635 

106.0 

1.7502 

1,0 

0.1568 

42.5 

1 .0853 

114.5 

1.8488 

2.0 

0.2476 

49.5 

1.1910 

127.5 

1.9463 

4.0 

0.3384 

57.0 

1.2885 

138.0 

2.0438 

7.0 

0.4622 

67.0 

1.4035 

145.0 

2.0844 

11.0 

0.5365 

79.0 

1.5273 

153.0 

2.1250 

16.0 

0.6851 

90.5 

1.6098 

163.0 

2.2144 

21.0 

0.7924 

Pressiire 

changed to 

175.5 

2.3200 



939 mm. 

Hg 



27.0 

0.8822 

98.5 

1.6924 

186.5 

2.3688 
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G. r.eactioR with gas mixture ; 

Sun 26 

■..C'lght of the sphere = 1,85384 gm Temperature = 45C.5°C 

Radius of the sphere = 6.098 mm Pressure (total) = 950 mm, Hg 



= 5.982 gm 

PZrCl, = 

It ^ 

mm, Hg 

%fCl, = 

Time 

hr 

» 

Weight gain 5 

’ gm 1 

1 

Time 

hr 

1 

We ight gain { 

gm 1 

- 

Time 

hr 

Weight gain ■ 

gm “ ; 

C.O 

c.cccc 

11. C 

C.5327 

49. c 

1.1632 / ; 

l.C 

C.1C42 

17.0 

C.6887 

57. C 

1.26B3 ■ ' 

2.C 

C.22CC 

25. c 

0 • 8-6 

66 .C 

1,5618 I 

1 

4.C 

C.5474 

33. C 

C.9645 

73. c 

1.4319 ! 

r 

8.C 

C . 4818 

41.0 

l.C 6 97 


i 

Sun 2 7 





1 

. . ■ ( 

Wrii^t 

of the sphere 

= 1.82 

4C3 gffl Temperature 

= 45C®C 

Sadi us 

of the sphere 

= 6,C98 mm Pressure (total) = 674 mm, Hg! 

’'a 

= 5.847 gm 

^ZrCl 

= 536 mm, Hg PufCl ” 

4 _ 4 ___ ■ , 

Time 

hr 

I 

¥ei^t gain{ 

gm \ 

- » 

Time 

hr 

" I 

Weight gain* 

m ’ 

* 

Time 

hr 

Weight gain 
gm 

C .C 

C .COCO 

24. C 

0.7472 

67. C 

1.2826 

l.C 

C .1266 

53. C 

C.9145 

73.0' 

1.3394 

3.C 

C.2745 

41.5 

1.C2C5 

82. C 

1.43C5 /: 


C.5954 

48 .C 

l.C 954 

91. C 

1.4986 

11 .c 

C . 5184 

54-,5 

1.1653 

ICC.C 

1.5747 

16. V. 

0.615c 






¥ = V/eight of solid reactant when entire solid has reacted 

“ (See Sq. [5.2 ]) 
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linn 


#1 C 1 2, 

*k2*ci nils 

of the sphere = 1.81433 gn Tenparatura = 475 

cf the sphere = 6,075 oa Pressure { ZrCl , ) ^ 

.3°0 

= 753 nn, Hg 

!I!inc 

hr 

Weight gain 
gn 

» 

1 Tins Weight gain 

1 hr 

1 



I ' 

1 

J Tine Weight gain 

1 hr gr-i 

! - . ■... - 

c.oc 

o.ococ 

35.00 

1.0553 

118.5 

1.9633 4 

l.OC 

0.2127 

39.50 

1.1862 

129.5 

2.0333 

2.50 

0.2945 

49.00 

1.2353 

136.0 

2. 0861 

4.00 

0.3927 

60.25 

1.4071 

143.0 

2.1597 

7.00 

0.4826 

66 .25 

1.4807 

153.75 

2.2169 

10.00 

0.5726 

73-00 

1.5380 

165.5 

2.2987 

14.00 

0.6872 

83.00 

1.6525 

177.5 

2.3724 

20.00 

0.7853 

91.75 

1.7611 

192.5 

2.4951 

26.00 

0.9244 

102.50 

1.8325 

203.5 

2.5196 


' ■ ' — — — ^ — [ 

, 

Hun .5 

lioigLt of the sphere = 1.76568 gm Teiiiperat-ure = 450*^0 [ 

xtadius of the sphere =.6.041 ram Presstire (ZrCl ) = 257 s:.:, Hgl 


Tine 

hr 

Weight gain 

m- 

f 

1 

t 

t 

t 

Tine 

hr 

Weight gain 
gn 

1 Tine 

J hr 

1 

Weight gain 
gu 

0.00 

C.COOO 


25.50 

0.6377 

9C.5C 

1.2C74 . 1 

0.75 

0.0607 


3C.50 

0.6909 

1C 2 -30 

1.3158 : 

1.75 

C.1594 


39.50 

0.7820 

114.ee 

1.3821 


( Continued ) 




'..■eigiat 

Radius 


cf the sphere = 1.82231 Temperature = 4SC'^C 

of the sphere = 6.115 mm Pressure (total) = mm, 


4.018 gm PZrCl ” 


%fCl. 


158 mm. Eg 


Tice Weight gainj Tice 

hr gm hr 

t 


¥ci^t gain? Time 
re ! hr 


Weight gain 
gm 


C.C 

1.5 

3-5 

6.5 
10.5 


0.0000 
0,2355 
0.3824 
0.5162 
0 . 6688 


18.0 

23.5 

34.5 
44.0 

50.5 


C.8779 

0.9702 

1.2340 

1.3527 

1.4412 


58.5 
69.0 
75.0 

82.5 

96.5 


1.5354 
1.6861 
1.7558 
1.8651 
1.997“ 


Data and calculation} chani^'e ir poxv voliiwu 
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iiodium chloride density (theoretical, 

loed for porosity calculrrbion) = 2*164 gni/cia^ 
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R'xn 28 

of the sphere = 1.85304 gm Temperature = 424.8^0 

Sadius cf the sphere = 6.112 mm Pressure (total) = 98C mm, Hi 


w 

a 

5= 3.927 gm 

PZrCi. 

4_ 

= 822 lam, Kg 

^fCl ~ ^ 

f ' 4 

Time 

hr 

' ■ ^ ■ - 

Weight gain { 
gm } 

- - f.-.. 


Weight gain | 

m ' 

Time 

hr 

Wei^t gain 
gm 

O.C 

0.0000 

22.0 

0.5939 

70.0 

1.2923 

1.0 

0.1820 

31.0 

0.8595 

16, Q 

1.3519 

3.0 

0.2630 

41.0 

1,0078 

85.0 

1.4406 

5.0 

0.3242 

47.0 

1.0506 

94.0 

1.5125 

9.0 

0.4420 

55.0 

1.1424 

100.5 

1.5553 

15.0 

0.5918 






Run 29 

Weight of the sphere = 1,85072 gm Temperattire = 450°C > 

I 

Radius of the sphere = 6.097 mm Pressure (total) = 787 mm, 


¥ = 
a 

4.0221 

^ZrCl^ - 

640 mm , Hg 

%fGl^ 

= 147 mm, Hg 

Time 

Weight gain 

t 

{ Time 

"I 

Wei^t gainj 

Time 

¥e i^t gain 

hr 

gm 

* hr 

» 1 . 

gm J 

* 

hr 

gm 

0.0 

0.0000 

18,5 

0.7C22 

58.0 

1.2697 

l.C 

0.1044 

25.0 

0.8310 

68.0 

1.3737 

2.C 

C.I 8 O 3 

34.0 

0.9672 

73.0 

1.4210 

4 . 0 

C.2941 

43.5 

1,0957 

82.0 

I. 5 O 6 C 

7.0 

C.4023 

49.0 

1.1657 

95.0 

1 . 610 c 


11. C C.54C9 








